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Routing and path selection are crucial for many communication and logistic applications. We study the interaction
between nodes and packets and establish a simple model for describing the attraction of the node to the packet in transmis-
sion process by using the gravitational field theory, considering the real and potential congestion of the nodes. On the basis
of this model, we propose a gravitational field routing strategy that considers the attractions of all of the nodes on the travel
path to the packet. In order to illustrate the efficiency of proposed routing algorithm, we introduce the order parameter to
measure the throughput of the network by the critical value of phase transition from a free flow phase to a congested phase,
and study the distribution of betweenness centrality and traffic jam. Simulations show that, compared with the shortest path
routing strategy, the gravitational field routing strategy considerably enhances the throughput of the network and balances
the traffic load, and nearly all of the nodes are used efficiently.
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1. Introduction
Since the small-world effect[1] and the scale-free

property[2] of complex networks have been found, scholars
have studied the statistical characteristics of many real sys-
tems and acquired a lot of achievements. The complex net-
work theory has been widely applied to computer, transporta-
tion, physical, biological and other fields.[3–10] Scholars have
tried to find the inner relations between the structure and the
function of the system, so as to provide corresponding strate-
gies for solving practical problems, such as cascading failure,
chaos, traffic congestion, etc.[11] With the continuous growth
of packets, how to improve the network capacity and optimize
the traffic congestion has become a key problem of network
research.[11,12] Congestion is a dynamics phenomenon that ex-
ists in many real complex systems, and is assumed to be a
phase transition from free-flow to congestion. From this per-
spective, one of the fundamental problems we face nowadays
is to find an optimal strategy for packet delivery between a
given sending node and its destination node.[11]

Research about routing strategy has mainly focused on
three aspects. The first aspect is the global routing strate-
gies, as represented by the shortest path algorithm, which
chooses a minimum cost as the best route for packet deliv-
ery. This kind of routing strategy is prone to traffic conges-
tion, and some nodes with large degree or betweenness bear
severe congestion.[13,14] From the perspective of global rout-
ing control, Yan et al. suggested an effective path algorithm
that takes the degree of node as a parameter reduces the prob-
ability of occurring of congestion of large degree nodes.[15]

Bogdan et al. pointed out that the capacity of the network is

limited by the amount of traffic each link can support, and
suggested that the transport capacity of the network is max-
imized by using a set of routes that minimize the maximum
betweenness of the nodes.[16] Shen et al. proposed a self-
organizing shortest path finding strategy based on thermal flux
diffusion on complex networks, the shortest paths between the
source and the other nodes are found to be self-organized by
comparing node temperatures.[17] The second aspect is the
local routing strategies, which mainly consider the local in-
formation or adjacent information; specific strategies include
random walk, first-order neighborhood search, second-order
neighbor search, etc.[18,19] The third aspect is the mixed rout-
ing strategies, which take into account the local information
of the current node, the shortest path from the current node
to other nodes and the cache, and other factors. In recent
years, scholars have made a lot of researches about the mixed
routing strategies.[20–22] Echenique proposed a random rout-
ing strategy that a packet could be sent to a neighbor of the
current node at a certain probability.[20] Zhao et al. proposed a
neighborhood load routing metric for wireless mesh networks,
and constructed a method of measuring the average value of
path neighborhood load, which can be integrated into existing
routing strategies to further improve the routing efficiency.[21]

Considering the effect of the information feedback on traffic
system, Dong et al. studied the dynamics of traffic flow with
real-time information and presented advanced prediction feed-
back strategies with cellular automaton (CA) model in two-
and multi-route traffic systems, which can guide road users
to make a choice.[23–25] On the basis of this, Chen et al. pro-
posed the vacancy length feedback strategy and the exponen-
tial function feedback strategy, which are both proven to be
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effective.[26,27]

The aim of studying routing strategies is to improve the
network throughput. Previous research has indicated that the
throughput of a network is inversely proportional to the max-
imum betweenness centrality of its nodes on a fixed network
scale.[28] Therefore, reducing the maximum betweenness cen-
trality can enhance network capacity. Inspired by this argu-
ment, some scholars optimized routing strategies by minimiz-
ing the maximum betweenness centrality of nodes.[29–31] Gen-
erally, the nodes with large betweenness centrality can attract
most packets and also the congestion is easy to emerge. To
some extent, these nodes are of greater attraction to pack-
ets than small degree nodes. Therefore, some scholars have
studied the traffic flow, network congestion, and routing pro-
cess by using the gravitational field theory.[32–38] Qian and
Han[32] proposed a spatial network based on the optimal ex-
pected traffic calculated by the gravity model and simulated
the Chinese city airline network, according to which they[33]

further presented a weighted spatial network by establishing
the improved gravity equation, and found that a linear and a
nonlinear strength-degree correlation can emerge when con-
sidering and neglecting the “transport effect respectively. Jung
et al.[34] investigated the traffic flows of the Korean highway
system and found that the traffic flow between cities forms a
gravity model. Maniadakis and Varoutas[35] studied network
congestion by using gravity model and found that the network
topologies created based on the gravity model suffer less con-
gestion than the random, the scale-free or the Jackson-Rogers
ones. For network transport, Liu and Li[36] defined a gravita-
tional field equation considering the real traffic congestion of
nodes, and the routing protocol mainly considers the shortest
paths between the neighbors and destinations.

Overall, current studies mainly focused on the distribu-
tion of real traffic flow by using the gravity model; although
reference [36] presented a routing strategy based on gravita-
tional field theory, the strategy only considered the shortest
paths between the neighbors and destinations. In the present
paper, we will further study the interaction between the node
and the packet and consider the real traffic congestion and
potential traffic congestion of nodes. Each node can attract
packet to pass through it and the delivery of each packet is al-
ways influenced by the gravitational field of all nodes. Thus,
this paper will borrow from the gravitational field theory and
study the network transport process.

The remainder of this paper is organized as follows. In
Section 2, we introduce the traffic flow model and define the
gravitational field model of a node to the packet, which is used
to describe the attraction between the node and the packet, and
then propose a routing strategy by borrowing the idea from
the gravitational field theory. In Section 3, we introduce some

metrics for evaluating the transmission performance of routing
strategies and discuss the experiments and results. In Section 4
some conclusions are drawn from the present study.

2. Proposed routing strategy
2.1. Traffic flow model

We use the Barabási–Albert (BA) scale-free model for
simulation. The traffic model is described as follows: all nodes
are endowed with the functions of sending and receiving; at
each time step, R, packets are generated in the network with
randomly chosen sources and destinations, and can deliver at
most ci packets towards their destinations; the cache queue
length of each node is assumed to be unlimited and the first-
in-first-out (FIFO) discipline is applied at each queue. If one
of the neighbors is the packet destination, then the packet is
delivered directly to its target. Otherwise, the packet is deliv-
ered to a neighbor under the routing protocol. Moreover, once
a packet arrives at its destination, it will be removed from the
network.

2.2. Gravitational field model of a node for packets

Generally, network congestion emerges first at the node
with large degree or large betweenness, and then spreads to
the other nodes, which is obtained by adopting the shortest
path algorithm. Actually, it is necessary to avoid some large
degree (or betweenness) nodes intentionally so as to reduce the
probability of occurring of congestion of these nodes and re-
duce the waiting time of packets within the cache queues, and
improve the network capacity. But, if all of the packets are des-
tined to avoid these nodes with large degree or betweenness,
which will make these nodes become leisure and aggravate the
load of other nodes, this will trigger the drift of network con-
gestion. From the viewpoint of the network game, we need to
consider two problems: (i) how to measure the traffic conges-
tion or unblocked reliability of a node in a dynamical transport
environment, and (ii) how to avoid the congested nodes and
choose other nodes to deliver packets.

Evaluating the congestion degree of nodes is very impor-
tant to explore high efficient routing protocols. To some ex-
tent, the congestion degree of a node reflects the centrality of
the node in the process of network transport. A very differ-
ent concept of centrality is betweenness centrality, which mea-
sures the extent to which a node lies on paths between other
nodes. For the shortest path routing strategy, the betweenness
centrality is unevenly distributed: the traffic congestion first
begins to emerge at the large betweenness nodes. Theoreti-
cally, the ratio of the node capacity to the number of packets
in its queue reflects the unblocked reliability of the node. The
betweenness centrality can be used to describe the potential
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congestion of the node under a routing strategy and, corre-
spondingly, the inverse of betweenness centrality reflects the
potential unblocked reliability of the node. With this in mind,
we consider both the real traffic congestion and the possible
potential congestion of the node and define a model for mea-
suring the unblocked reliability of the node as follows:

Ji =
ci

qi
· 1

Bµ

i
, (1)

where Ji is the unblocked reliability of node i; ci is the trans-
mission capacity of node i in unit time step; qi is the number
of packets waiting for transmission in the cache queue of i; Bi

is the betweenness centrality of node i under the shortest path
algorithm; and, µ is a parameter which is used to adjust the in-
fluence of the betweenness on the overall unblocked reliability
of the node, µ > 0.

To a certain extent, the betweenness centrality reflects the
ability to connect the nodes. From the viewpoint of gravitation
theory, we can regard betweenness centrality as the attraction
of the node to the packet, and the larger the betweenness cen-
trality of the node, the greater the attraction of the node to the
packets within the network is. Considering Eq. (1), we can
consider that the greater the unblocked reliability of the node,
the greater the attraction of the node to the packet is. There-
fore, we can see that the attraction affecting the packet during
network transport is similar to the gravity affecting the ob-
ject in the gravitational field. Borrowing the idea of the grav-
itational field theory, packet delivery over a network can be
described in accordance with gravitational field theory as fol-
lows. At each time step, the packet is always attracted by all
the nodes and the node always attracts the packets within the
queues of other nodes. The attraction between a node and a
packet relates to the unblocked reliabilities of both nodes, the
distance between the node and the packet, but not to the packet
itself. Suppose that a packet is at node j. The attraction of
some node i to the packet can be defined as

Γi, j =
ci · Ji

D2
i, j

, (2)

where Γi, j is the attraction of node i to the packet at node j; Ji

can be considered as the unblocked reliability of node i; ci is
the transport capacity of node i; and, Di, j is the shortest path
length between node i and node j. In light of the gravitational
field equation, the gravity of the node for packets is propor-
tional to the product of the transmission capacity and the un-
blocked reliability of the node, but inversely proportional to
the square of the shortest path length between the node and
the packet. Therefore, we can see that equation (2) shows a
similar meaning to that in the classical gravitational field the-
ory. We need to note that equation (2) is different from the
gravitational field model in Ref. [36], because reference [36]
only considers the real traffic congestion of the node. How-

ever, our model considers both the real traffic congestion and
the potential traffic congestion of the node, and so it may be
more effective to reduce the congestion to a large degree or
betweenness nodes.

2.3. Proposed routing strategy

Considering the attraction of the node to the packet, we
can control the delivery process of packets by improving the
transmission efficiency of greater attraction nodes. However,
if the routing strategy only considers the attractions to local ad-
jacent nodes, it hardly ensures that the packets can reach their
destinations as quickly as possible. The efficiency of a rout-
ing strategy depends on whether it can send every packet to its
destination in the shortest travel time. Equation (1) indicates
that the smaller the attraction between a node and packet, the
more severe the node congestion is. Therefore, we can see that
if the routing strategy can optimize the travel paths of packets
by adjusting the node attraction, it will effectively control the
traffic congestion of the network. Theoretically, to change the
travel path of packet considering the traffic states of the neigh-
bors can update the node gravity. However, it cannot improve
the travel path of packets because the travel distance may be
too long. We should consider the traffic state or attraction of
more nodes. Therefore, in this paper, the path gravity is intro-
duced to evaluate the attraction of the travel path to the packet.
Suppose that the packet is at node v and its destination is node
t. Let U(v) be the set of the neighbors of v, Uk(i, t) be the set
of all the nodes on the k-th path from i (i ∈U(v)) to t, and pi,t

be the number of paths from i to t, then we will consider all
the possible paths (not only the shortest path). Therefore the
model is defined as follows:

maxz(i) =
1
n ∑ j Γi, j, (3a)

s.t. j ∈Uk(i, t), (3b)

1≤ k ≤ pi,t , (3c)

i ∈U(v), (3d)

where (1/n)∑ j Γi, j can be regarded as the attraction of the
shortest path between node i and t to the packet along the kth
path from i to t, n is the number of nodes within the set Uk(i, t).
On the basis of above model, in this paper we propose a gravi-
tational field routing strategy, and the transmission principle is
detailed as follows: obtain the neighbor set U(v) of node v; for
each neighbor i (i ∈U(v)), if the packet path does not contain
i, obtain all the paths from i to t, and extract Uk(i, t) for each
path, and then calculate the gravities of all the nodes for the
packet; and, choose the neighbor a with maximal path gravity
as the next routing node of the packet.

For our routing strategy, the packets are always deliv-
ered along the path with maximum gravity, which indicates
that the routing strategy always chooses the more unblocked
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paths to deliver the packets. Importantly, it needs to note that
the suggested routing strategy is different from the method in
Ref. [36] in that our method considers more possible paths be-
sides the shortest paths.

3. Simulation and theoretical results
3.1. Transmission performance measures
3.1.1. Order parameter

To improve routing protocols we need to enhance the
transport capacity of the network. We focus on the through-
put of the network that can be measured by the critical point
of phase transition from free state to congestion. In order to
describe the critical point of the network capacity accurately,
we use the order parameter introduced in Ref. [39]:

η(R) = lim
t→∞

1
R

Q(t)
t

, (4)

where Q(t) is the number of packets within the network at
time t. For R < Rc, η(R) = 0, indicating that the system is in
free state with no traffic congestion. Otherwise, for R > Rc,
η(R)→ r where r is a constant larger than zero, the system
will collapse ultimately. Therefore, the capacity of the entire
system can be measured by the critical generating rate Rc at
which a continuous phase transition will occur from a free flow
phase to a congestion phase.

3.1.2. Betweenness centrality

To evaluate the transmission performance of our routing
strategy, betweenness centrality is introduced to measure the

utilization of nodes. In this paper, we introduce the between-
ness centrality defined by Liu et al.[36–38]

bi = ∑
T+t0
t0

N

∑
s,t=1,s 6=t

b(s,t)i , (5)

where bi is the total number of packets passing through node
i over time window [t0,T + t0]; b(s,t)i is the number of packets
passing through node i with respect to original node s and des-
tination node t. Then, the betweenness centrality of node i is
defined as

Bi = bi/∑
N
j=1 b j, (6)

where Bi is the betweenness centrality of node., the greater the
value of Bi, the more the nodes passing through the node i are,
so Bi reflects the aggregation of connection capacity of i.

3.2. Results

To illustrate that the gravitational field routing strat-
egy is superior to the shortest path routing strategy in en-
hancing network capacity and diminishing traffic conges-
tion, we use the BA scale-free network with the network
size N = 100, m0 = m = 4 and node capacity c = 1 for
simulations, and introduce the order parameter η , aver-
age travel time 〈Tavg〉, maximum travel time 〈Tmax〉 and
average travel distance 〈Lavg〉 to measure the transmis-
sion performance of routing strategies. Figure 1 shows
the variations of the order parameter η , maximum travel
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Fig. 1. Results of the shortest path routing strategy, showing (a) order parameter η versus R; (b) average travel time 〈Tavg〉 versus R; (c) maximum travel
time 〈Tmax〉 versus R; (d) average path length 〈Lavg〉 versus R. Other parameters are network size N = 100, m0 = m = 4, and c = 1.
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time 〈Tmax〉, average travel time 〈Tavg〉, and average path dis-
tance 〈Lavg〉 with R, obtained under the shortest path routing
strategy. The results indicate that η , 〈Tmax〉 and 〈Tavg〉 all in-
crease abruptly when R > 5, which means that a phase tran-
sition from a free state phase to a congested phase occurs at
R = 5. Thus, the transport capacity of the network is Rc = 5
for the shortest path routing strategy.

The curves of the order parameter η , average travel time
〈Tavg〉, maximal travel time 〈Tmax〉 and average travel distance
〈Lavg〉 versus the generation rate R for the gravitational field
routing strategy are illustrated in Fig. 2. The results indicate
that for R ≤ 20, η , 〈Tmax〉 and 〈Tavg〉 are all small and stable;
however, for R> 20, η , 〈Tmax〉 and 〈Tavg〉 all increase abruptly,
which indicates that the critical generation rate is Rc = 20. The
average travel distance 〈Lavg〉 presents a trend of “first increase
and then decrease”, and when R = 20, 〈Lavg〉 reaches a maxi-
mum. The reason for this is that when the generation rate R is
very small, the traffic flow is in a free state, the packets are de-
livered along the shortest path, so the average travel distance
〈Lavg〉 is very small; with the increase of R, some nodes begin
to collect packets, but because of the guidance of the gravi-
tational field routing strategy, the network does not sink into
congestion. The travel paths of the packets avoid most of the
large degree and betweenness nodes and do not deliver along
the shortest path; therefore, the average travel path 〈Lavg〉 in-
creases gradually. With increasing R, and when R > Rc, the
network sinks into congestion abruptly, more and more nodes

collect lots of packets, and then many packets will hardly reach
their destinations, which will reduce the efficiency of the grav-
itational field routing strategy.

Therefore, we can conclude that our routing strategy bet-
ter considers the traffic congestion of all the nodes and greatly
enhances the throughput of the network.

To further illustrate that our approach is highly effi-
cient, the experiments compared with the routing strategy in
Ref. [36] are carried out in Fig. 3. The results indicate that,
compared with the method presented in Ref. [36], our routing
strategy improves the throughput of the network by 25 percent,
and when the traffic flow is in a congested phase and R keeps
unchanged, the congestion decreases to some extent. More-
over, figure 3(b) shows that when R is very small (R ≤ 13),
the average travel distance 〈Lavg〉 is approximately the same
for both routing strategies, because the traffic is in a free-flow
phase, the transmission process of our approach is similar to
that in Ref. [36]; for 13 < R < 30, 〈Lavg〉 increases to some
extent compared with that in Ref. [36], because when R is
some great, the packets within the network increase, our ap-
proach may choose all of the possible paths to deliver packets
(not only the shortest path between the neighbors and desti-
nations presented in Ref. [36]); therefore, the travel paths will
be longer. Consequently, we can conclude that compared with
the routing strategy of Ref. [36], the proposed routing strategy
considers the gravities of more paths and further improves the
transport capacity of the network.
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Fig. 2. Results of the gravitational field routing strategy, showing (a) order parameter η versus R; (b) average travel time 〈Tavg〉 versus R; (c) maximum
travel time 〈Tmax〉 versus R; (d) average path distance 〈Lavg〉 versus R. Other parameters are network size N = 100, m0 = m = 4, and c = 1.
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Fig. 3. (color online) Simulation results of the routing strategy presented
in Ref. [36] and our approach, showing (a) order parameter η values ver-
sus R; (b) average path distance 〈Lavg〉 values versus R. Other parameters
are network size N = 100, m0 = m = 4, and c = 1.
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Fig. 4. Curve of Rc versus µ for the gravitational field routing strategy.
The results show the maximal Rc = 20 at µ = 0.5. The other parameters
are network size N = 100, m0 = m = 4, and c = 1.

In Eq. (1), parameter µ is used to adjust the influence of
the betweenness centrality on the overall unblocked reliability
of the node. Then, we need to analyze the dynamical char-
acteristics of µ in transport process. The simulation results
of the critical capacities for different µ values are illustrated
in Fig. 4. We can see that the network transport is sensitive
to µ; the throughput of the network is lower for too great or
too small µ; and, when µ = 0.5, the throughput reaches the
maximum Rc = 20. The reason for this is that when µ is too

small, the traffic congestion of large betweenness nodes can-
not be controlled effectively, so the throughput is lower; and,
when µ is too great, our routing strategy cannot enough use the
nodes with large betweenness in the shortest path algorithm to
deliver packets, the gravities of these nodes are too small and
will be useless to a great extent. Therefore, we can conclude
that the routing strategy should properly control the attractions
of the nodes with large betweenness centrality.
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Fig. 5. Distributions of betweenness centrality for the shortest path rout-
ing strategy under different values of R. The other parameters are network
size N = 100, m0 = m = 4, and c = 1.

To further study the transmission performance of the
proposed routing strategy, we investigate the distributions of
betweenness centrality under different values of generation
rate R as shown in Fig. 5 for the shortest path routing strategy,
and figure 6 shows the results for the gravitational field rout-
ing strategy. The simulations indicate that for the shortest path
routing strategy, the betweenness centrality is most inhomo-
geneously distributed. Although the inhomogeneous degree
of distribution is reduced with increasing R, the betweenness
centrality is still unevenly distributed obviously. Compared
with the shortest path routing strategy, the gravitational field
routing strategy has a betweenness centrality distribution that
is totally homogeneous. The distribution presents a trend of
“inhomogeneous–homogeneous–inhomogeneous”. When the
generation rate R is very small, such as R = 1, the distribution
of betweenness centrality is inhomogeneous. Because the traf-
fic state is in a free flow phase, the packets are most delivered
along the shortest path, the transmission process is similar
to that of the shortest path routing strategy. With the increase
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Fig. 6. Distributions of betweenness centrality for the gravitational field routing strategy under different values of R. The other parameters are network size
N = 100, m0 = m = 4, and c = 1.
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Fig. 7. (color online) Distributions of node congestions under different values of R, showing the results of (a)–(c) shortest path routing strategy, (d)–(f) the
routing strategy of Ref. [36], (g)–(i) the proposed gravitational field routing strategy.
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of R, the transport performance of the gravitational field rout-
ing strategy is gradually inspired, and most of nodes are used
efficiently. So, the distribution of betweenness centrality is
gradually and increasingly homogeneous, and the between-
ness of each node is approximately equal to 0.01 when R≈ 20.
However, with the continuous increase of R, the traffic conges-
tion begins to emerge within the network, some nodes will be-
come increasingly congested, the betweenness centrality will
become inhomogeneously distributed to a certain extent. But
overall, the congestion of the nodes with a large degree is dis-
tinctly alleviated compared with that for the shortest path rout-
ing strategy, and the distribution of the betweenness centrality
is most homogeneous.

The free state refers to the balanced state between created
and removed packets at each time step, and when the number
of packets more than Rc, the system will ultimately enter into
the jammed state, which will result in the continuously accu-
mulating of packets in the network and only a few packets can
reach their destinations. Therefore, we also study the conges-
tions of the network nodes through counting up the number
N(p) of the packages in the cache queue of node, as shown
in Fig. 7 for the traffic congestions of the shortest path rout-
ing method, the gravitational field routing strategy presented
in Ref. [36], and the proposed gravitational field routing strat-
egy. The results indicate that our routing algorithm and the
algorithm of Ref. [36] can both relieve the congestion degree
of the whole network to a great extent and balance the distri-
bution of the traffic flow. Compared with the shortest algo-
rithm, the proposed routing strategy reduces the maximal con-
gestion degree by about 17 times. Compared with the method
of Ref. [36], our approach further reduces the maximal con-
gestion degree to a great extent. Moreover, we can see that
for the three routing strategies, the distributions of node con-
gestions are the same for different values of generation rate R,
which means that when the network is in a congested phase,
the utilization rate of each node is not changed for different
values of R.

4. Conclusions
For the sake of alleviating the traffic congestion and im-

proving the network capacity, we present a routing strategy
borrowing the idea from the gravitational field theory. A grav-
itational field equation is defined to describe the attraction of
the node to the packet, which better considers the travel dis-
tance and the unblocked reliability of the node. On the basis
of this equation, we define a model for measuring the grav-
ity of the travel path for the packet and then propose a simple
routing strategy. To test the transmission performance of the
gravitational field routing strategy, a BA scale-free network
is used as a case study. Simulation results show that, when
compared with the shortest path algorithm, our method im-
proves the network throughput several times, greatly balances

the traffic load, and reduces the network congestion, especially
the nodes with large degree or betweenness centrality. Com-
pared with the gravitational field routing protocol of Ref. [36],
the proposed approach is more efficient with greater through-
put and smaller congestion Therefore, we can conclude that
our study further reveals the mechanism of the gravitational
force of nodes during network transport, presents a stable and
highly efficient routing protocol, and explores the traffic con-
gestion and routing strategy.
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