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Fig. 4. Numerical results with respect to the average number of neighbors (r = 10 m and x = 100 m). (a) Average single-hop progress. (b) Average successful

delivery probability.

probability, independent of any forwarding areas, for CGF:

[Z]

+ (1 Pr void )

(25)

The difference between MFA, MCA, and DRA lies in the
expressions of (1) (i.e.,the  region at the first hop), which
are given in [10], and the expressions of Pr void , which are
given by (5), (2) and (3), respectively. Specific expression for an
individual area is given by (25) after the appropriate expressions
are substituted.
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When is reasonably large, the expected value of Z is

Z] 1 for large (26)

for all the three forwarding areas. Thus, average successful
delivery probability is the same for all the forwarding areas and
is equal to 1. This is expected: As increases to a reasonably
large value, it is very likely to find at least one next-hop node
at each hop, so that with a probability of 1, the packet arrives
at the destination. The choice of different forwarding areas will
not affect successful delivery probability.

IV. NUMERICAL EVALUATION AND SIMULATION RESULTS

In this section, we present numerical results for the perfor-
mance of CGF when using MFA, MCA, and DRA. Simulation
results are provided as well.

As shown in (14) and (25), the average single-hop progress
and the average successful delivery probability are functions
of node transmission range , network range , and average
number of neighbors (or nodal density ). We present our

numerical results in Figs. 4-6. Fig. 4(a) compares the ana-
lytically obtained average single-hop progress, and Fig. 4(b)
compares the analytically obtained average successful delivery
probability for MFA, MCA, and DRA, with respect to different
average numbers of neighbors. The network range is fixed to be
a circle with a radius of 100 m (i.e., = 100 m), whereas node
transmission range is set to 10 m (i.e., = 10 m). Note that
similar results have been observed for different values of and

. InFigs. 5 and 6, we compare the average single-hop progress
and the average successful delivery probability with respect to
different network range . Node transmission range is fixed at
10 m, whereas is set to 5 nodes, 15 nodes, and 50 nodes,
respectively.

It can be seen from Fig. 4(a) that average single-hop progress
increases quickly for small and then slowly after exceeds
a certain value; that is, there exists a knee in the curves, and

10-20. The explanation of this phenomenon lies in the
probability of void, as shown in Fig. 2. From Fig. 2, we can
see that the probability of void decreases quickly when varies
from0to . Such results suggest that the probability of void
dominates the average single-hop progress in sparse networks
(when is small). As a result, the curves in Fig. 4(a) are the
inverse of those in Fig. 2 with a similar rate.

Another important observation from Fig. 4(a) is that, in terms
of average single-hop progress, when is low, i.e., from 0 to
around 15 nodes, MFA performs the best, then MCA, followed
by DRA; when is medium, i.e., between 15 and 40 nodes,
MFA still performs the best, followed by DRA, and they all
outperform MCA; when s high, i.e., more than 40 nodes,
DRA converges to the performance of MFA, and both are better
than MCA. It is expected that the performance of MCA will
converge to that of MFA as  increases further.

The aforementioned observation can be explained as follows:
When is small, the size of the forwarding area dominates
the average single-hop progress because it determines the
probability of void for that area; when s large enough to
eliminate the possibility of voids, the location of the forwarding
area dominates the calculation of average single-hop progress
because a forwarding area that covers more area that is nearest
to the destination will have better next-hop candidate nodes and
thereby attains a larger average single-hop progress. Similar
conclusions can be drawn from Fig. 5, which suggests that our
observation holds for different values of network range.
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Fig. 9. Simulation results for CGF with random selection of a next-hop node within a forwarding area (m and m). (a) Average single-hop
progress. (b) Average successful delivery probability.

Fig. 10. Simulation results for CGF under 2-D Gaussian node distribution ( m and 2000 nodes). (a) Average single-hop progress. (b) Average successful
delivery probability.

hops to the destination node whenis larger than 10. The probability density function (pdf) for the location of any node

reason is that, when reaches 10, the probability of void inis determined by [13]

MFA becomes close to 0, whereas in MCA or DRA, it still has

a certain value that cannot be ignored. As a result, the average -

number of hops have a much more signibcant impact on the

average successful delivery probability of DRA and MCA thayhere , ,and is the standard deviation.

that of MFA. Also note that the average successful delivery |n our simulation, 2000 nodes, which follow the aforemen-

probability for all the three forwarding areas in Fig. 9(b}ioned distribution, are deployed on a very large Balhereas

reaches 1 at a larger value as compared with Fig. 4(b),we vary the value of the standard deviation in different runs.

because the average number of hops between the source magie source node is bxed at , whereas destination nodes

and the destination node increases using the random selecgg# randomly chosen within the circle of a radius of 100 m.

strategy. Obviously, the node density in a unit area in this distribution is
The conclusion about the selection of the forwarding aret expected to be a constant any more. The region nearer to the

may be drawn as follows: When is low (i.e., below 10), origin, where the source resides, has a higher node density. The

MFA should be chosen due to the benept of average successfijulation results are presented in Fig. 10.

delivery probability; when is between 10 and 50, the selection From the graphs, we can see that all of the three forwarding

depends on the optimization criterion for the network. On ongeas show the same tendency. That is, whds small, the

hand, MFA has the best average successful delivery pl’Obab”Mrformance goes up when increases; the curve attains a

whereas on the other hand, DRA has the best average singigximum value at a medium value of and later, it gradually

hop progress, which may lead to the best average network ded@¢reases when continues to increase. However, the medium

performance. When is larger than 50, DRA is preferred duevalue of s different: It is 30D40 for average single-hop

to the benept of average single-hop progress. progress in Fig. 10(a) and 40060 for average successful delivery
probability in Fig. 10(b). This can be explained as follows:
I 0% 1 % When is small, most nodes reside in a small circular area very

near to the center (sometimes only within one hop, i.e., within
To evaluate the CGF performance under a node distributiarradius of 10 m) and few nodes span farther. When destination
with nonuniform node density, we assume that nodes follow
_a 2-D Gaussian d'smbUt'on_' Wh'_Ch _'S c_entered at ; that 5The beld is considered to be very large so that the Gaussian pdf can be
is, the mean of the Gaussian distribution equals . The employed here to approximate node deployment.
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Fig. 11.
progress. (b) Average successful delivery probability.

node is within or very close to this very high density area, data
packets can be delivered. However, when the destination node
is chosen out of this area, most data packets will be dropped
after the first few hops. When increases, more nodes begin
to span into the region where the destination node can reside
(=100 m). Thus, the performance values also rise. When
further increases, more and more nodes can be deployed outside
the circular area of radius ; that is, the node density within the
network range  area gradually decreases on average, which
leads to the decreasing performance values.

In general, MFA shows the best performance. The result
suggests that as long as we still employ the node selection
using distance-based greedy criterion, MFA always performs
the best regardless of how nodes are deployed. However, the
degree of performance gap among different forwarding areas
is related to the specific node distribution model. Note that
a 2-D Gaussian node distribution is not homogeneous any
more. Thus, average first-hop progress cannot be employed
to approximate to average single-hop progress. In fact, it is
expected that the average first-hop progress will be much higher
than the average single-hop progress because the area within
the first hop always has a higher node density than other areas.
Meanwhile, our analytical results on the average successful
delivery probability are not applicable as well.
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Our study assumes that all nodes in the network can obtain
the location information without errors. However, in practice,
high-precision location information is very difficult or highly
expensive to achieve. In addition, location errors are unavoid-
able even in the most current advanced localization techniques.
This section examines the impact of location errors on the
performance of CGF for three forwarding areas. We have
executed the simulation for a scenario in which the selection
of a next-hop node is done based on a perturbed version of
the actual nodes’ locations. More specifically, we introduced
Gaussian errors into the actual coordinates of the nodes, with
zero mean and standard deviation =0 5.

The results of Fig. 11 show that the performance degradation
introduced by location errors is modest even when =0 5. It
can be seen that average single-hop progress in Fig. 11(a) is
about 5% to 15% less than that in Fig. 4(a), which implies that a
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Simulation results for CGF under Gaussian location error (zero mean, standard deviation ¢ = 0.5, r = 10 m, and x = 100 m). (a) Average single-hop

modestly larger number of average number of hops between the
source node and the destination node is required, which leads
to a performance degradation of average successful delivery
probability shown in Fig. 11(b) as compared to that in Fig. 4(b).
Also note that in Fig. 11(a), DRA has a better performance in
terms of average single-hop progress than MCA at a smaller

than the performance curves in Fig. 4(a). The main reason
comes from the next-hop node selection using nodes’ locations
with errors, because it is now likely for a node to be actually
farther away from the destination node, instead of a node that is
actually closest to the destination node, to be a next-hop node.
Location errors may also lead to a larger probability of void
and, possibly, negative progress at some hops.

Furthermore, since the location errors we simulated have
a similar impact on the performance of the three forwarding
areas, our conclusion about the selection of a forwarding area
in Section IV-A remains valid. However, the node density
threshold for the selection of a specific forwarding area is
changed from 40 to 45 in this scenario. The conclusion will
change if a different  value or a different location error model
is used.
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Our study has assumed a perfect contention scheme that can
effectively establish a single next-hop node in a forwarding
area. Such a contention scheme in CGF can be designed more
easily, and the protocol processing can generate a lighter load
at nodes when MCA or DRA is used than when MFA is used,
because all the contending nodes in MCA or DRA are within
the communication range of each other [4]-[6].

When the contention scheme in use cannot resolve the con-
tentions successfully, either none or more than one next-hop
nodes will be established. Such a situation becomes rather
complicated for tractable analysis and is considered beyond the
scope of this paper. Intuitively, when more than one next-hop
nodes are established, the reliability of packet delivery of CGF
will improve at the cost of more resources being used.

VI. CONCLUSION

In this paper, we have constructed a general analytical frame-
work, in terms of average single-hop progress and average






