
Chin. Phys. B Vol. 22, No. 6 (2013) 068901

Analysis of network traffic flow dynamics based on
gravitational field theory∗
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For further research on the gravity mechanism of the routing protocol in complex networks, we introduce the concept
of routing awareness depth, which is represented by ρ . On this basis, we define the calculation formula of the gravity of the
transmission route for the packet, and propose a routing strategy based on the gravitational field of the node and the routing
awareness depth. In order to characterize the efficiency of the method, we introduce an order parameter, η , to measure
the throughput of the network by the critical value of phase transition from free flow to congestion, and use the node
betweenness centrality, B, to test the transmission efficiency of the network and congestion distribution. We simulate the
network transmission performance under different values of the routing awareness depth, ρ . Simulation results show that
if the value of the routing awareness depth ρ is too small, then the gravity of the route is composed of the attraction of very
few nodes on the route, which cannot improve the capacity of the network effectively. If the value of the routing awareness
depth ρ is greater than the network’s average distance 〈l〉, then the capacity of the network may be improved greatly and
no longer change with the sustainable increment of routing awareness depth ρ , and the routing strategy performance enters
into a constant state. Moreover, whatever the value of the routing awareness depth ρ , our algorithm always effectively
balances the distribution of the betweenness centrality and realizes equal distribution of the network load.
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1. Introduction
Congestion is a dynamics phenomenon that exists in

many real complex systems, and is assumed to be a phase
transition from free-flow to congestion.[1,2] When the number
of new generated packets is greater than that of accomplished
packets, network congestion begins to form, and if no effec-
tive measure is adopted, the congestion will deteriorate contin-
uously and gradually spread to all the other nodes in the net-
work. In order to reduce traffic jams and improve the ability of
the network to resist congestion, the research mainly focuses
on two aspects. One is to improve the topological structure
of the network, and some studies have proved that the net-
work structure may have a large influence on traffic jams and
their spread.[3] The other is to explore efficient routing strate-
gies. For many real complex systems such as transportation
networks, power networks, and so on, it is too costly to up-
date the structure of the network and this also has too great
an effect on the surroundings. Echenique et al.[4] found in
numerical simulations that the nature of the congestion transi-
tion depends on the type of routing rule. In recent years, the
dynamic characteristics of traffic flow were analyzed and an
efficient routing strategy was explored, which has become one
of the main topics of complex networks.[5–7]

Routing strategies can be roughly divided into three
types: global, local, and mixed. The global routing strategy re-
quires global information about the network structure[8,9] and
chooses the path with the lowest travel costs from the orig-
inal node to the destination node, such as the shortest path
algorithm.[6,10] The local routing strategy only considers the
degree, traffic flow, and other aspects of the node, and usually
transfers the packet to a neighbor at a local minimum cost or
certain probability, like random walks[11,12] or the local rout-
ing strategy based on dynamical traffic load.[13] The mixed
routing strategy may consider the influence of the path length,
the queues of the neighbors, and other factors for packet trans-
mission, and can also transfer the packet at minimum cost
or a certain probability, such as the traffic awareness rout-
ing algorithm.[14] Previous research has shown that one way
of quantifying the effects of congestion is to measure the be-
tweenness centrality,[15,16] and that the transmission capacity
of the network is inversely proportional to the maximum be-
tweenness of the nodes.[17] When the scale of the network is
kept constant, reducing the maximum betweenness will im-
prove the capacity of the network. Inspired by this argument,
some scholars began to optimize routing strategies by min-
imizing the maximum betweenness of the nodes. Danila et
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al.[18] proposed a heuristic algorithm of the optimization of
transport, which balances the network traffic by minimizing
the maximum betweenness. And compared with the tradi-
tional shortest path algorithm, this heuristic algorithm signifi-
cantly reduces the average travel time on congested networks
with only a negligible increase in the average travel time at low
loads. Then, Danila et al.[19] considered a network with a het-
erogeneous distribution of link capacities and with a heteroge-
neous transport load, and found that overall traffic congestion
and average travel time can be significantly reduced through a
judicious use of slower and smaller capacity links, which can
also improve the bearing capacity of the urban street network.

To a certain extent, the betweenness reflects the connec-
tion ability of the node. From the point of view of gravita-
tion theory, we can regard betweenness as the attraction of the
node for the packets, and the larger the betweenness of the
node, the greater the gravity of the node for most nodes on the
network.[20] Therefore, if the routing strategy can dynamically
reduce the gravity of the congested nodes in the transmission
process of packets, it may improve the throughput of the net-
work to a certain extent. Based on such consideration, Liu and
Li[20] described the gravitational field produced by the node
through the use of gravitational field theory, defined the grav-
itational field equation of the node, and established the grav-
itation formula of the path for the packet based on the grav-
ity of the node. They also proposed an efficient routing algo-
rithm, which chooses the route of the shortest paths from the
neighbors to the destination with maximum gravity, thereby
ensuring that the packets are always transferred along a short
distance and comparatively unblocked route. In Ref. [20], the
mechanism of gravitational action in the network transmission
was uncovered to some extent, and the proposed routing algo-
rithm relieved the network congestion and improved the net-
work capacity. In Ref. [20], all the nodes on the shortest path
from the neighbor to the destination are considered, which
means that the flow information of all the nodes is transpar-
ent to the packets. For some real complex systems, such as
transportation systems, the packet cannot easily get into the
congestion situations of all the nodes, and the drivers find it
difficult to obtain the traffic flows of all the roads.

With this in mind, in this paper we further study the dy-
namic characteristics of network traffic flow based on gravi-
tation field theory. We suppose that the packet cannot neces-
sarily perceive the traffic flows of all the nodes on the path
in transmission, so we introduce the concept of routing aware-
ness depth and redefine the gravity formula of the transmission
path for the packets. On this basis, we propose a new routing
strategy under routing awareness depth. Our strategy consid-
ers four factors: routing awareness depth, capacity of the node,
congestion of the node, and path length.

2. Routing strategy
2.1. Gravitational field of the node

In Ref. [20] the gravitational field of the node at length
was described, and the gravitational field equation was de-
fined by using the node capacity, the unblocked situation of
the node, and the path length:

Fi =


κ

c2α
i

dγ

i j
, qi = 0,

κ
(ci/qi)

α cα
i

dγ

i j
, qi > 0,

(1)

where Fi is the gravity of node i for the packet; κ is a con-
stant; ci is the transmission capacity of node i; qi is the num-
ber of packets in the queue of node i; ci/qi can be considered
as the unblocked reliability of node i; di j is the shortest path
length between node i and node j; α and γ are two tunable
parameters, which are used to adjust the dependences on the
unblocked reliability of the node, the capacity of the node, and
the path length, and α > 0, γ > 0. In light of the gravitational
field equation, the gravity of the node for packets is propor-
tional to the α power of the product of the transmission ca-
pacity and the unblocked reliability of the node, but inversely
proportional to the γ power of the shortest path length between
the node and the packet.

2.2. Routing awareness depth

In Ref. [20], an efficient routing strategy was given: cal-
culating the gravity of the shortest path from each neighbor
to the destination, and choosing the neighbor on the shortest
path with maximum gravity as the next routing node. All the
nodes on the shortest path from the neighbor to the destination
are transparent to the packets, which ensures that the pack-
ets are always delivered along a short distance and compara-
tively unblocked route. In Ref. [20], whatever the length of
the path is, the packet can perceive the traffic flow information
of all the nodes on the shortest path and the gravities of all the
nodes that are used to calculate the gravity of the path. For
the packet, it would be ideal to perceive the congestion situ-
ation of all the nodes. However, for packets on real complex
networks, for instance urban traffic networks, in nature of the
perception ability, the driver always knows several selectable
paths to the destination, but cannot ensure which path saves
more time because the driver can only perceive the congestion
of nearby roads; the traffic flows of far-away roads are unclear.

For the further study of the gravitation mechanism
of packet transmission, we introduce the concept of rout-
ing awareness depth, which means the maximum length
of perceiving the packet, represented by ρ . As shown in
Fig. 1, the packet is at node v, the shortest distance from
each node of {a, b, c, d, e, f , g, h, i, j, k} to v is
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{1, 1, 1, 2, 2, 2, 2, 2, 2, 3, 3}. When ρ = 1, there are
a, b, c nodes which are in one unit from v, so the packet can
only perceive the traffic flow of a, b, c; when ρ = 2, the packet
can perceive nine nodes of a ∼ i; and when ρ = 3, the packet
can perceive the congestion of 11 nodes of a∼ k.

va↼↽ b↼↽

c↼↽

e↼↽

f↼↽
d↼↽

i↼↽

j↼↽

k↼↽

h↼↽g↼↽

Fig. 1. Routing awareness depth. a ∼ k, v represent the nodes of the
network and v is the node that the packet belongs to. The numbers in
parentheses of each node represent the distance from the node to v.

2.3. Proposed routing strategy

In order to investigate the region of Rc of the network, the
traffic model is described as follows: suppose that all nodes
have the functions of receiving, sending, and routing, and the
initial network load is zero; at each time step, there are R pack-
ets generated in the system with randomly chosen sources and
destinations, and all nodes can deliver in most ci packets to-
wards their destinations. The queue length of each node is
assumed to be unlimited and the first in first out (FIFO) dis-
cipline is applied at each queue. During transmission, pack-
ets are always delivered from the current node to one of its
neighbors. Once the packet arrives at its destination, it will be
removed from the system. Otherwise, the packet proceeds for-
ward towards a neighbor according to a given routing strategy.

The routing algorithm in Ref. [20] uses all the nodes in the
shortest path from the neighbor to the destination to evaluate
the gravity of the shortest path. With the concept of routing
awareness depth introduced in this paper, we should modify
the routing process to some extent: the gravity of the short-
est path from the neighbor to the destination is defined as the
combined action of the gravities of all the nodes within the
routing awareness depth ρ on the shortest path. As shown in
Fig. 2, suppose that the original node s, destination node t, cur-
rent node v and its neighbors constitute a set Nv, then all the
nodes in the shortest path from neighbor i (i ∈ Nv) to t will
constitute a set Nit . Here, Nit contains i but not t, because t is
the destination whose traffic flow has no effect on the trans-
mission performance of the packet at node v, but other nodes
on the path can directly affect the transmission of the packet.
Because each node in Nit can explode a gravitational field, this
means that each node has an attraction for the packet. To some
extent, the packet may possibly be delivered to node i (i∈Nv),
but this probability cannot be determined by some other node
in the path, and it is instead the result of joint action of all the
nodes in the path. In this regard, we define the gravity of the
shortest path for the packet as the average of the gravities of

all the nodes on the path within the routing awareness depth
ρ , which is expressed as

Fit =
1
ρ
(F1 +F2 + · · ·+Fj) =

1
ρ

∑
j≤ρ, j∈Nit

Fj, (2)

where Fit is the gravity of the shortest path for the packet
from i to t, and ρ is the routing awareness depth. From the
point of view of the gravitational field theory, we consider that
the greater the gravity Fit , the greater the probability that the
packet transfers along the path. Therefore, we design the rout-
ing process as follows.

(i) Obtain the neighbor set Nv of current node v.
(ii) For each neighbor i (i ∈ Nv), if the packet has not

passed through the neighbor i, extract the shortest path from i
to t, and then generate the node set Nit , and calculate the grav-
ity of all the nodes for the packet within the routing awareness
depth ρ , so as to calculate the gravity Fit of the shortest path
from i to t.

(iii) Choose the neighbor such that the gravity of the
shortest path from this neighbor to t is maximum (F =

max{Fit}) as the next routing node of the packet. If several
neighbors experience maximum gravity, choose the neighbor
with the shortest distance. If several neighbors still exist, then
randomly choose one node within these neighbors as the next
routing node.

s v   ρ−1 ρ n t

Fig. 2. The principle of the routing strategy.

3. Simulation
3.1. Evaluation indices

For evaluating the performance of the routing strategy, we
introduce the order parameter η [21] and betweenness centrality
B.[22] The order parameter is used to describe the phase transi-
tion from free-flow state to jammed state, which is defined as
follows:

η(R) = lim
t→∞

1
R

W (t)
t

, (3)

where W (t) is the number of packets at time t; R is the num-
ber of new packets generated at each time step; and η(R) is
the ratio of the number of remaining packets to that of all
generated packets until time t, which reflects the capacity of
delivering the network packets. For R < Rc, W (t) = 0, and
η(R) = 0, indicating that the system is in the free state with no
traffic congestion. Otherwise for R > Rc, W (t)> 0, and η(R),
which increases abruptly and η(R)→ 1, then the system will
ultimately collapse. Therefore, a phase transition occurs at
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R = Rc and Rc is the maximal generating rate under which the
system can maintain its normal and efficient functioning. Thus
the maximal handling and delivering capacity of the system is
measured by Rc.

The betweenness centrality reflects the aggregation of the
connection capacity of the node,[23,24] and we use the be-
tweenness centrality measurement method in Ref. [20]. b(s,t)i

is the number of packets passing through node i with respect to
the original node s and destination node t, so the number of all
packets passing through node i over time window [t0,T + t0] is

bi = ∑
T+t0
t0

N

∑
s,t=1,s 6=t

b(s,t)i . (4)

Therefore, the betweenness centrality of node i is defined
as

Bi =
bi

N
∑
j=1

b j

, (5)

where Bi is the betweenness centrality of node i, and N is the
number of network nodes. Bi reflects the aggregation of the
connection capacity of i, and the greater the value of Bi, the
more the nodes passing through node i, so congestion will be
easily triggered.

In order to test the efficiency of our routing strategy, we
choose the Barabási–Albert (BA) network model[25] with a
network size of N = 100 and m0 = m = 4 for simulation.
The results are obtained from transport simulations over 10000
time steps by choosing the average of results of the last 1000
time steps to calculate the critical capacity Rc and the between-
ness centrality Bi. We conduct experiments on the routing
strategy under different values of ρ , α , and γ . For further eval-
uating the performance of the routing strategy, we make some
statistical analyses of the maximum travel time 〈Tmax〉,[26] av-
erage travel time 〈Tavg〉, and average path length 〈Lavg〉 of the
packets. In this paper, the average path length 〈Lavg〉 is defined
as the average of the path length over all packets that have ar-
rived at the destinations. Without loss of generality, we study
the traffic dynamics when c = 1 and c = k.

3.2. Results

Figure 3 shows the relations of the order parameter η ,
maximum travel time 〈Tmax〉, average travel time 〈Tavg〉, and
average path length 〈Lavg〉 change with R under the traditional
shortest path algorithm (SP) and node capacity c = 1. The re-
sults show that for R > 5, η , 〈Tmax〉, and 〈Tavg〉, all increase
abruptly, which means that in the traffic state, a phase transi-
tion occurs when R = 5, so the critical point of the network
capacity is Rc = 5. The average path length 〈Lavg〉 decreases
with increasing R. Because with the increase in R, the conges-
tion situation of the network becomes more serious, it is more

difficult for packets with a longer travel distance to arrive at
the destination, which leads to the decrease in the average path
length. Figure 4 shows the results of our routing strategy un-
der different values of the routing awareness depth ρ , α = 1,
and γ = 2. The simulations indicate that for ρ = 1, the crit-
ical point of the network capacity is Rc = 3, and the average
path length 〈Lavg〉 presents the tendency for “reduce-increase-
reduce” change with increasing R; for ρ = 2, η , 〈Tmax〉, and
〈Tavg〉 all increase abruptly when R > 8, which means that the
network is in the region until Rc = 8. The relation between the
average travel time 〈Lavg〉 and R is similar to that in the case of
ρ = 1; for ρ ≥ 3, the change in routing awareness depth ρ will
not affect the relation between η and R, which also displays in
the relation between 〈Tmax〉 and R, the relation between 〈Tavg〉
and R. Whatever the value of ρ , the critical network capac-
ity is approximately equal to 16, and Rc ≈ 16. The average
path length 〈Lavg〉 first increases and then deceases with in-
creasing R, showing the maximum 〈Lavg〉 = 6.25 at R = Rc.
The reason for this is that if R is small, then the traffic flow on
the network is in the free state, and the packets mainly spread
along the shortest path. With the increase in R and R < Rc, a
small number of packets begin to gather in the queues of some
of the nodes, and the routing choice is more inclined to the
free nodes, which results in the increase of average path length
〈Lavg〉. For R > Rc, the network will become jammed rapidly,
and more and more nodes will turn to enter into the congestion
state, which finally leads to serious congestion of the network.
Under this situation, the packets will no longer avoid some of
the congested nodes, and the average path length will decrease
with increasing R.

By analyzing the principle of the proposed routing strat-
egy, we can see that if the routing awareness depth ρ is very
small, then the transmission of the packet can only perceive
the traffic flow of some nearby nodes. Take ρ = 1 for exam-
ple, only the neighbors are perceived, and the gravity of each
shortest path is determined by the congestion situation of a
neighbor but not restricted by the path length, which results
in the most unblocked neighbors being the next routing nodes.
The lack of inducement of path length in the transfer direction
of the packet leads to the excessive roundabout of the transfer
direction, too much transmission time and low network capac-
ity. Otherwise, if the routing awareness depth ρ is greater,
then the traffic of more nodes on the path is perceived, and the
routing process considers the restrictions of node congestion
and path length, so the strategy improves the network capacity
efficiently. In addition, the results also reveal that when the
routing awareness depth ρ is greater than a value, like ρ ≥ 3
in our simulations, then the network transmission performance
will no longer change with ρ further increasing.
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m0 = m = 4, and c = 1.

0.2

0.4

0.6

0.8

η

<T
a
v
g
>/


3

<L
a
v
g
>

0

1.0

0

1.5

3.0

4.5

6.0

0

9

18

27

(a) (b)

(c) (d)

0

2

4

6

8

10

<T
m
a
x
>/


3

ρ=1

ρ=2
ρ=3

ρ=4
ρ=5

R

0 15 30 45 60

R

0 15 30 45 60

R

0 15 30 45 60

R

0 15 30 45 60

ρ=1

ρ=2

ρ=3
ρ=4

ρ=5

ρ=1

ρ=2
ρ=3

ρ=4
ρ=5

ρ=1

ρ=2
ρ=3

ρ=4
ρ=5

Fig. 4. Results of the proposed routing strategy for different values of ρ , showing (a) order parameter η versus R; (b) average travel
time 〈Tavg〉 versus R; (c) maximum travel time 〈Tmax〉 versus R; and (d) average path length 〈Lavg〉 versus R. Other parameters are
network size N = 100, m0 = m = 4, α = 1, γ = 2, and c = 1.

In order to analyze the effect of the routing awareness
depth on the network capacity, we simulate the Rc versus ρ for
different values of α and γ . The results are shown in Fig. 5.
The simulations show that whatever the values of α and γ are,

with the increase in ρ , the network capacity always increases
first and then enters into a steady state, and the critical value
of the routing awareness depth is ρ = 3. Moreover, the net-
work average distance 〈l〉 = 2.3772. We can see that when
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ρ < 〈l〉, the network capacity increases with ρ increasing, and

when ρ > 〈l〉, the network capacity will not change with the

increase of ρ . In Ref. [20], we used all the nodes in the shortest

path from neighbor to destination for measuring the gravity of

the path, which means that the transmission process considers

the total length of the path. For all the packets on the network,

when the network traffic state is in the free-flow state, the aver-

age path length 〈Lavg〉 of the packet transfer is approximately

equal to the average distance 〈l〉 of the network, and we can

see that the critical capacity in Ref. [20] is equal to the critical

capacity of our routing strategy with ρ > 〈l〉. Thus, for this

routing strategy based on the gravitational field theory, we can

conclude an important dynamic phenomenon that the trans-

mission capacity of the network reaches the maximum and en-

ters into a steady state when the routing awareness depth ρ is

greater than the average distance 〈l〉 of the network.

0

4

8

12

16

20

R
c

<l>/.

α=1, γ=1

α=1, γ=2

α=1, γ=3

α=2, γ=1

α=3, γ=1

0 2 4 6

ρ

Fig. 5. Plots of critical capacity Rc versus ρ . The other parameters
are network size N = 100, m0 = m = 4, c = 1, and the network’s
average distance is 〈l〉.

In order to study the dynamic characteristics of the traffic

flow under different values of α and γ , we simulate the varia-

tions of η , 〈Tmax〉, 〈Tavg〉, and 〈Lavg〉with R for different values

of α and γ . Figures 6 and 7 show the results when ρ = 2 and

ρ = 3, respectively. The simulations show that, i) for ρ = 2,

the network capacity Rc maintains a consistent change neither

with the value of α nor with the value of γ . With α being con-

stant, Rc will increase with the value of γ increasing, and the

reason for this lies in the value of ρ . Because ρ is small, the

transmission is lacking in the guide of the path length, and the

increase in γ leads to an enhancement in the dependence of the

transmission on path length to some extent, thereby resulting

in the improvement of the network capacity. Otherwise, if γ

is constant, the increase in α is equivalent to the reduction in

the dependence on path length, which may reduce the network

capacity. The average path length 〈Lavg〉 first decreases with R

increasing, and then abruptly increases at R = Rc, and then re-
duces abruptly for R>Rc and decreases gradually with the fur-
ther increase in R. According to our routing strategy, because
of the routing awareness depth ρ = 2, the transfer process will
not strongly depend on the path length. If R is smaller, the
transmission of the packets will be more inclined to the free
nodes, which causes the path’s circuity to some extent, so the
average path length 〈Lavg〉 is larger. With the increase in R, the
number of free nodes on the network is reduced, which corre-
spondingly strengthens the dependence on the path length, and
thus the average path length 〈Lavg〉 decreases gradually. When
R = Rc, a large number of nodes start to collect some of the
packets, and a number of packets in the node queues start to
present a non-uniform distribution to some extent, but no node
is in a serious jam state. Then the packet will choose some rel-
ative free nodes to transfer again, which results in the abrupt
increase of the average path length 〈Lavg〉. For R > Rc, the net-
work will be in a serious congestion state rapidly. In addition,
there is no free node, and thus the packet will not avoid the
congested nodes. Therefore, the average path length 〈Lavg〉
decreases with R further increasing. ii) For ρ = 3, whatever
the value of α and γ are, the network capacity Rc is always
kept unchanged. This indicates that when ρ > 〈l〉, the effi-
ciency of the routing strategy will rely on neither α nor γ , and
the algorithm can always ensure a high transmission capacity
of the network. For R < Rc, the average path length 〈Lavg〉 in-
creases rapidly with R increasing; for R > Rc, 〈Lavg〉 decreases
gradually with R further increasing, and reaches the maximum
at R = Rc. According to the principle of our algorithm, when
ρ = 3, each packet delivery almost considers the traffic states
of all the nodes on the path. If R is too small, then the traf-
fic flow of the network is in a free-state, the routing process
is similar to that of the traditional shortest routing algorithm,
and the packets will transfer along the shortest path. With the
increase in R and R < Rc, some nodes begin to collect a few
packets, and then the packets will choose a more unobstructed
path and avoid those congested nodes, which results in the in-
crease of the average path length 〈Lavg〉. The avoiding strategy
designed in this paper reduces the congestion of some nodes
and effectively prevents the congestion from deteriorating, so
the network will not fall into congestion. With the further in-
crease in R, the congestion of the nodes will be completely
out of control, which will cause more and more nodes to en-
ter into a congestion state, and finally the whole network will
sink into congestion. During this transmission, the packets no
longer avoid some of the congested nodes, and the average
path length 〈Lavg〉 will decrease gradually with R increasing.
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Fig. 6. Results of the proposed routing strategy for different values of α and γ when ρ = 2, showing (a) order parameter η versus R;
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other parameters are network size N = 100, m0 = m = 4, and c = 1.
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We then investigate the distribution of betweenness cen-

trality as shown in Fig. 8 for the shortest path algorithm, and

Fig. 9 for our routing strategy. The simulations show that for

the shortest path algorithm, the distribution of betweenness

centrality is most inhomogeneous when R = 1, and to some

extent the inhomogeneous situation of distribution is alleviated
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with the increase of R, but obvious homogeneity still exists.

For our routing strategy, whatever the value of ρ is, the distri-

bution of betweenness centrality always take on the trend from

inhomogeneous to homogeneous and then back to inhomoge-

neous. When the distribution of betweenness centrality is most

homogeneous, the betweenness centrality of each node is ap-

proximately equal to 0.01, and the corresponding R is slightly

greater than the critical point Rc, and when taking ρ = 1 for

example, the corresponding R= 4 but Rc = 3. When R is small

and traffic is in the free-flow state, like R = 1, compared with

the distribution of betweenness centrality under ρ = 3, the dis-

tribution of betweenness centrality is more homogeneous un-

der ρ = 1 and ρ = 2, because when ρ = 1 and ρ = 2, the rout-

ing process mainly considers the congestion of the node and

ignores the path length, which makes the transfer of packets

tend to more unblocked nodes but not the nodes on the short-

est or second shortest path. Therefore, the congestion situation

of the nodes with a large degree is distinctly reduced.
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In order to further investigate the efficiency of our rout-

ing strategy, we simulate the dynamics with the node capacity

c = k, as shown in Fig. 10. The simulations show that what-

ever the value of ρ , compared with the routing efficiency of

c = 1, the network capacity is improved greatly when c = k,

which means that it can enhance the capacity of the network
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by improving the node capacity. For ρ = 1, the values of η ,
〈Tmax〉, and 〈Tavg〉 all mutate when R ≈ 50, which indicates
that the network is in the region until Rc ≈ 50. The average
path length 〈Lavg〉 decreases with increasing R. For ρ = 2, due
to the enhancement of the control and guide of the path length
over the transfer of the packets, the network capacity is fur-
ther improved and Rc ≈ 70. For ρ ≥ 3, η , 〈Tmax〉, 〈Tavg〉, and
〈Lavg〉 are all insensitive to ρ , and the network capacity is al-
most equal for different values of ρ . Because the gravity of
the route almost considers the gravities of all the nodes on the
path, the routing strategy takes into account both the conges-
tion of the node and the path length, so the network region is
improved greatly and Rc ≈ 140. With the increase in R, 〈Lavg〉
first increases and then decreases, and the maximum 〈Lavg〉 is

9.1167 at R = 70. From the results, we can see that the process
of generating congestion is relatively slow when ρ ≥ 3 and
the congestion situation is weak. We also simulate the critical
point Rc versus the routing awareness depth ρ , as shown in
Fig. 11. The results show that when the node capacity c = k,
the relation between Rc and ρ is similar to that in the case of
c = 1, which means that when ρ < 〈l〉, the network capacity
Rc is poor and increases with increasing ρ , but when ρ > 〈l〉,
then the network capacity Rc abruptly reaches the maximum
and no longer changes with increasing ρ . Therefore, we can
conclude that no matter when c = 1 or c = k, as long as the
routing awareness depth ρ is greater than the average distance
〈l〉 of the network, then the network capacity will always reach
the maximum and remain unchanged.
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Figure 12 shows the distributions of betweenness central-

ity for different values of ρ when the node capacity c = k. The
simulations indicate that with the increase in R, the distribution
of betweenness centrality becomes more and more inhomoge-
neous when ρ = 1 or ρ = 2. For ρ = 3, the inhomogeneous
situation first reduces and then deteriorates, but the situation
is relatively good at R≈ 30. From the results, we can see that
the distribution of betweenness centrality no longer represents
homogeneous characteristics like those in the case of c = 1.
When c = k, the processing capacities of the nodes with large
degrees are great, which leads to large node gravities for the
packets, and also increases the gravities of the paths contain-
ing these nodes, which results in a large number of packets
choosing the path, so the betweenness centrality of nodes with
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large degrees is great. But this does not show that the con-
gestion of nodes with large degrees is very serious compared
with the relative congestion (q/c) of nodes with small degrees,

whose congestion is far less than that for the traditional short-
est routing strategy, thereby reducing the network congestion
effectively and improving the network capacity greatly.
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Fig. 12. Distributions of betweenness centrality for the proposed routing strategy under different values of R, showing panels (a)–(d)
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4. Conclusion
On the basis of the study in Ref. [20], we further investi-

gate the dynamic characteristics of the routing strategy accord-
ing to gravitational field theory. Considering the traffic pro-
cesses of some real complex systems, we introduce the con-
cept of routing awareness depth, and define the gravity of the
shortest path from the neighbor to the destination as the com-
bined action of the gravities of all the nodes within the rout-
ing awareness depth ρ on the shortest path. We establish the
gravity formula of the path and propose a new routing strat-
egy. We simulate the network transmission efficiencies under
different values of ρ . The simulations show that if ρ is too
small, then the strategy can only consider the gravities of in-
dividual nodes and cannot improve the transmission capacity
of the network effectively, but if ρ is greater, then the strategy
will consider more nodes in the path and the capacity of the
network will be improved efficiently. Whatever the value of ρ

is, the strategy can always balance the distribution of the node
betweenness centrality and the network loads. Moreover, the
results also uncover an important dynamic phenomenon, that

when the value of ρ is greater than the average distance 〈l〉 of
the network, then the routing strategy improves the region of
the network, and the transmission efficiency will not change
with increasing ρ .
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