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1 Introduction

This study presents three new local forwarding methods for geographic routing in large ad
hoc networks. Their performance is studied via simulations, and the results are compared

with those of other forwarding methods from the literature.

1.1 Ad hoc networks

The earliest applications of packet radio networks, as they were called back then, were
mainly for military purposes and have been studied since the 1970s. The appearance of
inexpensive WLAN solutions during the 1990s made ad hoc networks a popular research
topic, and the increasing availability of wireless devices ever since has made ad hoc

networking one of today’s most active fields in communications research.

The term ad hoc network itself refers to a computer network with no fixed infrastructure
where the nodes usually communicate in a wireless fashion. The decentralization of
the network means that nodes are responsible for all network activity, which includes
discovering the route to the destination and forwarding packets towards it. Since topology
changes due to node mobility are also possible, the connections can only be established

for the duration of the communication session.

The performance of an ad hoc network can be measured using indicators such as through-
put, latency, energy consumption, and fairness, and it is closely related to the concepts
of routing and medium access control (MAC). Routing is responsible for providing the
paths for the traffic, while MAC provides addressing and channel access control mech-
anisms. For the performance to be as good as possible, routing and MAC have to be

usually designed to work together.

1.2 Objective of the study

This study examines dense ad hoc networks where a typical path between a sender and
a receiver consists of a large number of hops, see [1] and [2]. In such a setting, the
packet forwarding at the microscopic level works on the scale of an individual node and

its neighbors. At this level, the task is to maximize the packet flow in the given direction.



The average progress of a packet per timeslot for an arbitrary node, D, used to describe
the performance of a forwarding method, depends on the transmission probability, the
probability of successful reception, and the average progress of the packet in the given

direction, i.e.,

D = P(node transmits)-P(no collisions)-E[progress of a packet | successful transmission|.

The question of interest in this study is whether it is possible to improve the performance
of local forwarding combined with slotted ALOHA type MAC by taking the receiver’s
number of neighbors into account. The idea is to forward traffic to sparser areas of the
network, thus increasing the probability of successful reception as the average number of

competing transmissions is lower.

Another area of interest is the possibility of using real-time information about the number
of receiver’s active neighbors. When the actual number of each possible receiver’s active
neighbors is known, we are able to calculate and maximize the true expected progress of

the packet during the current time slot.

2 Routing in ad hoc networks

2.1 Traditional routing methods

For communication within the network to be possible, a routing protocol is required
to establish a connection between the participating nodes. Because an ad hoc network
does not have a fixed infrastructure or centralized control, the nodes are responsible for

performing the routing functions themselves.

The special nature of large ad hoc networks places some requirements on the routing
protocol. Movement of the nodes causes changes to the network topology and the routing
protocols need to be able to adapt to these changes. At the same time the routing
overhead should be kept minimal since the bandwidth in the shared wireless channel is
limited. Efficient use of the channel is crucial also to save battery power, which is an

issue with mobile devices.

Traditional ad hoc routing protocols fall into two general categories: proactive (table

driven) and reactive (on-demand). Proactive routing protocols maintain information



about the whole network in every single node. With a complete picture of the network,
determining a route is fast, but whenever the topology changes, all the routing tables
need to be updated. This means that recurrent changes in the topology, especially in case
of a large network, cause the amount of overhead traffic to increase significantly. Hence,
proactive routing protocols, including Destination-Sequenced Distance Vector (DSDV
[3]), Fish-eye State Routing (FSR [4]), and Optimized Link State Routing (OLSR [5]),
perform best when the nodes have low mobility compared to the frequency with which

they transmit data.

Reactive routing protocols do not maintain routing tables about the whole network.
Instead, a route is only found when there is data to send. This reduces the amount
of routing traffic caused by the changes in the network topology and also the storage
capacity needed. Whenever the information about the required route is not available,
a node starts a route discovery procedure, causing a significant delay before the packet
can be transmitted. Thus, reactive ad hoc routing protocols, including Dynamic Source
Routing (DSR [6]), Ad Hoc On-Demand Distance Vector (AODV [7]), and Temporally
Ordered Routing Algorithm (TORA [8]), are most useful when the network topology

changes constantly or when data transmissions are infrequent and delay tolerant.

There exist also hybrid protocols that combine both proactive and reactive routing pro-
tocols. Since proactive and reactive routing schemes work well in opposite types of net-
works, it is possible to utilize them hierarchically to increase the performance compared
to the pure proactive and reactive protocols. Examples of hybrid protocols include Zone
Routing Protocol (ZRP [9]) and AntHocNet [10].

2.2 Geographic routing

Traditional routing protocols presented above collect and store information about the
network topology, and it is questionable whether this kind of approach is feasible when
the number of nodes reaches hundreds or thousands. Geographic routing protocols (see
[11] for an overview) are a promising alternative for large ad hoc networks, and they
use the geographic locations of the nodes as a base for their routing decisions. If the
location of the destination is known, a node needs only local information about its own

and its neighbors’ locations to be able to forward the packet. Hence, the scalability of



such protocols is mostly dependent on the location service which performs the tracking

of the destination nodes.

The most obvious way of making the decision about the next hop is to try to forward
the packet as far as possible with respect to a given progress metric. These greedy
forwarding methods include, for example, Most Forward within Radius (MFR [12]) and
Geographical Distance Routing (GEDIR [13]). However, to work properly a geographic
routing protocol needs to be able to handle routing around concave nodes, i.e., nodes
that have no neighbors in the direction of the destination (forward neighbors). Typically
routing algorithms that guarantee packet delivery work as follows: greedy forwarding
is used as long as possible, but when packet reaches a dead end, a recovery procedure
such as face routing [14] is taken into practice. Geographic routing protocols using face
routing include Greedy Face Greedy (GFG [14]), Greedy Other Adaptive Face Routing
(GOAFR [15]), and Greedy Perimeter Stateless Routing (GPSR [16]).

When an ad hoc network consists of a very large amount of nodes, the source and the
destination of a packet are usually far from each other, and typical routes consist of many
hops. In this kind of scenario, it is possible to analyze the network at a macroscopic and
microscopic level [1]. The approach is similar to the one in Trajectory Based Forwarding
(TBF [17]). At the macroscopic level, the network can be seen as a continuous medium
through which the packets are routed along smooth geometric curves. The task is to
achieve optimal load balancing, thus providing the direction of the packet flow to the
microscopic level. The microscopic level works on the scale of an individual node and its
neighbors. The task of the microscopic level is to maximize the packet flow in the given

direction.

3 Network model

3.1 Assumptions

A large ad hoc network similar to the one in [2] is considered. When the overall number
of nodes in the network is large, two randomly selected nodes are, on the average, much
further apart from each other than two neighboring nodes. Thus, a route between a

source and a destination typically consists of a large number of hops and the nodes are



mostly relaying traffic. Therefore only relay traffic is considered and no originating or

terminating traffic exists in the model.

Because packets moving in opposite directions are more likely to cause collisions than
traffic flowing in certain direction, it makes sense to handle different directions by ap-
propriate scheduling based on time sharing. As a result, it is enough to consider traffic
flowing in one, given, direction. Node mobility or failures are not considered, but network
is assumed to be static, and the nodes to be located according to the spatial Poisson point
process in two dimensions. The intensity of the process, referred to as the node density,
is denoted by A [1/m?).

Each node has an omni-directional antenna, i.e., signals can be received from and trans-
mitted to all directions, and the same transmission power, resulting in a common fixed
transmission radius R [m]. All nodes are assumed to have the same transmission fre-
quency meaning that a node is able to hear all the transmissions from nodes within its
communication range and none from those outside. A simple Boolean interference model
is used to model the collisions in the network. If a node hears more than one transmission
within its transmission range (including its own), it is not able to receive any of them.
A node is only able to successfully receive a packet if there is exactly one transmission
within the area defined by the radius R.

Additionally, the use of slotted ALOHA [18] type MAC protocol is assumed. This means
that the system is synchronous, and time is divided into slots. The packet size is fixed
for the transmission time to match the length of a time slot. As the transmissions can
only start at the beginning of a time slot, packets overlap either completely or not at
all. The protocol is characterized by a single parameter p which defines the probability
that a node with queued packets transmits in a given time slot. It is also assumed
that successful transmissions are acknowledged, and the size of such acknowledgement
packet is small compared to the size of a data packet which dominates the time slot
duration. The parameter p is constant, which means that no backoff scheme is applied

in retransmissions.

Finally, it is assumed that a node has the necessary information to be able to make
the forwarding decision locally according to the rules in question. This means that a
node knows, in addition to its own coordinates, the coordinates of its neighbors and the

direction of the packet flow. Furthermore, a node knows the number of neighbors of each



of its own neighbors and possibly how many of them are actually active, i.e., have packets
to send. No cost has been placed to the additional information and it is assumed that it

can be exchanged, e.g., with regular control or acknowledgement messages.

3.2 Mean density of progress

The performance of a forwarding method from a single node’s point of view can be
defined as the average progress of a packet in a given direction per timeslot [12]. This

mean progress, D [m], is given by
D(Ng,p) = P(node transmits) - IP(no collisions)
- E[progress of a packet | successful transmission|, (3.1)

and under the assumptions it depends only on the average number of nodes within the

transmission range, Nr = AmR?, and the transmission probability p.

The mean number of nodes in a differential area element equals A - dA. Thus, a network
level measure for the performance, the average progress of packets per unit time per unit

area or the mean density of progress, I [1/(m -s)|, can be expressed as

A-dA-D(Ng,p) VA
IWNmp) == Ay~ ar v

(NRap)a (32)

where At denotes the duration of a time slot [s] and u = v/ - D is the dimensionless
mean progress of a packet. The dimensionless mean progress u is used instead of D to
reduce the number of physical parameters. The convenience of 1/ VA as the unit length
related to the model is based on the fact that the average distance between two nearest
terminals is 1/(2v/A) [12], but as well as 1/v/), the transmission radius R could have

been used.

4 Simulation model

Some analytical results on local performance under heavy traffic are available (for ex-
ample see [12]), but they fail to model the impact of bottlenecks in the network caused
by forwarding. Because analytical results are hard to achieve, the dimensionless mean

progress of a packet (per time slot per node), u(Ng, p), is maximized via simulations.



For the results to be comparable, a simulation model similar to [2] is used. To keep
the simulation times feasible a unit square with an average of thousand nodes (A =
1000) is chosen to represent the supposedly infinite network. The harmful border effects
are avoided by connecting the opposite sides of the square together to form a torus.
Since recovering from concave nodes would require some specific procedure as stated in
Section 2.2, all such nodes are recursively removed from the network until there are none.
This is equal to a rule that forbids nodes from sending packets to concave neighbors (or
neighbors with only concave neighbors, etc.) Furthermore, in the dense networks (Ng >

10) we are studying, the amount of concave nodes is very small (IP(node concave) =
e~ 2lR),

The assumption about relay traffic is fulfilled by placing packets with infinite lifetime
to the network. No new packets are generated during the simulation and the existing
packets circle around the torus for as long as the simulation lasts. Because the goal is
to find the greatest sustainable mean density of progress, the network is simulated under
saturated traffic. Hence, the initial number of packets placed in each node (M = 50)

is experimentally chosen such that a further increase would have no significant effect on
U(NRap)

When the simulation parameters A and At are fixed, the task of maximizing I(Ng,p)
equals maximizing u(Ng, p) with respect to Ng and p. During the simulation the total
distance traveled by each packet is monitored, thus allowing the estimation of D(Ng,p)

with the equation
| MM
- , 4.1

where T is the simulation time [time slots], N is the number of nodes and S; is the distance

traveled by the packet 7. The estimate for u(Ng, p) is achieved simply by multiplying D

by V.



5 Forwarding methods

5.1 Reference methods

Probably the most obvious way to forward packets locally is to maximize the possible
progress in the given direction. Such a method is the first proposed geographic forwarding
method Most forward within radius, MFR. It is a simple greedy method which chooses
the neighbor j with the greatest distance d;; from the sender ¢ measured in the direction
of the packet flow, that is,

j = argmax d;;. (5.1)

In static networks the use of MFR leads to poor utilization of the network. Only a small

fraction of the nodes is active as the traffic is concentrated on certain paths [2].

The easiest way to spread traffic is to select the receiver completely randomly. In Random
forwarding (RF) all the forward neighbors have equal probability ¢;; of becoming the next
hop, i.e., each neighbor in the direction of the packet flow is assigned with probability

1
= N_Fi7

where Np, is the number of forward neighbors of sender node <.

4ij (5.2)

In Weighted random forwarding (WRF) the probabilities are proportional to the locations
of the forward neighbors. The idea is to increase the average hop length compared to
Random forwarding. The probability assigned to forward neighbor j is

N (5.3)
kji dig,

qij =

Opportunistic forwarding (OF) demonstrates the benefits of local coordination. In OF a

packet is broadcasted to all forward neighbors, and from the forward neighbors that were

able to receive the packet, the one with the greatest progress d;; is chosen afterwards

with a specific local coordination mechanism (cannot be achieved with slotted ALOHA).
Thus, the receiving node

J = argmax d;;1g,, (5.4)

where 1, = 1 if neighbor j receives the transmission, i.e., there is no collision, and zero

otherwise. The idea for OF comes from the ExOR protocol [19], but it has been modified

mainly to avoid duplicate packets.



5.2 Modified weighted random forwarding

The first of the new forwarding methods (WRFm1) is a slightly modified version of the
WRF method. The probabilities assigned to each forward neighbor are proportional to
the distance traveled in the given direction per the number of neighbors the neighbor j

has. The probability ¢;; that sending node ¢ chooses node j as the receiver is
dij /N,

—Nr. . 0 (5‘5)
kjll dik/NRk

Qij =
where Ng, is the number of neighbors of node j. Since the actual changes in the weights
are relatively small compared to WREF the method should give some idea whether it is

beneficial to favor nodes with fewer neighbors.

5.3 Weighted expectation forwarding

In WEF the weights are proportional to the expected progress under heavy traffic as-
sumption. If it is assumed that all the nodes have packets to send, the expected progress
of a packet that is being sent can be calculated. In this method the nodes with fewer
neighbors get significantly higher probabilities than the ones with several neighbors. The

probabilities are calculated with the equation

o dy(1—p)™
Sl dig (1 — p) Ve

(5.6)

]

5.4 Current maximum expectation forwarding

In CMEF additional information about the activity and the number of active neighbors
of node j is assumed. When the actual number of neighbor’s neighbors that can possibly
send during the current time slot is known, it is possible to calculate, and thus maximize
the true expected progress of the packet. Because the amount of queued packets in each
node changes during the simulation, the method is not deterministic and is thus hopefully
able to avoid the problems associated with the MFR method. Consequently the next hop
J is chosen to be

j = argmaxd,;(1 — p)N4 (5.7)
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where N4, is the number of active neighbors, i.e., neighbors with queued packets, of node

Jand 14, =1 if node j has queued packets and is zero otherwise.

6 Results

6.1 Dimensionless mean progress

Figures 6.1, 6.3, and 6.4 show the dimensionless mean progress of a packet, u(Ng,p),
as a function of p for each of the forwarding methods with several values of Ni. Based
on the left subfigures, more simulations were made to determine more precise values for
the optimums. The results of these simulations are depicted in the right subfigures with
the corresponding 90% confidence intervals. All the forwarding methods and parameter
combinations were simulated over the same set of network realizations. This reduces the
variance between the points in the figures, and though the confidence intervals are correct
for a single point, the probability that the true value of one parameter combination is
at the upper end of the interval, and the true value of another is at the lower end, is
thus smaller. The maximum values of the dimensionless mean progress for each new

forwarding method are represented in Table 6.1 with the corresponding values of Ny and

p.

Table 6.1: The maximum u(Ng, p) for each new forwarding method and the corresponding
Ng and p.
uw(Nr,p) Ng p
WEF 0.02532 16.5 0.2125
WRFm1 0.02971 13.5 0.3375
CMEF  0.04672 13.5 0.4250

As shown in Table 6.1, WEF produced the worst results. This is due to the fact that
the idea behind the method was to calculate the expected progress for each neighbor
under heavy traffic, and use them as weights. In reality only about 20% of the nodes are
actually active in the steady state of the network. As a result, too much emphasis was

given to the receiver’s number of neighbors.

As can be seen from Figure 6.2, the amount of empty nodes increases fast in the beginning

11
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Figure 6.1: The dimensionless mean progress of a packet, u(Ng,p), as a function of p
for WEF'. The left subfigure presents the averages over 125 network realizations, and the
right over 250 network realizations with the corresponding 90% confidence intervals as

error bars.

of the initial transient when using WEF. This shows that WEF seems to be efficient (it
actually outperforms the WRF methods) when the heavy traffic assumption applies. But
when the number of idle nodes increases, the correlation coefficient between the number of
neighbors and the probability of successful transmission (or their logarithms) decreases,
resulting in a more random method than would be beneficial in terms of performance.
The randomness of the method also came up in simulations where twice the amount of
realizations was needed to produce approximately the same kind of convergence as in
other methods.

The Modified weighted random forwarding method gave less weight on the receiver’s

number of neighbors than WEF and was able to outperform it by over 15%.

As expected, Current maximum expectation forwarding which had access to the informa-
tion about the precise number of neighbors that could possibly transmit during the time
slot for each possible receiver performed the best of the three methods. CMEF was able
to achieve ca. 50% higher u(Ng, p) compared to Modified WRF. The difference is largely
due to the ability to avoid collisions. This can also be seen when the initial transient
duration is studied. During the initial transient when the traffic is spread more evenly
among nodes, methods that do not take the current traffic situation into account have a

high number of colliding transmissions. Hence, it takes longer before the nodes that are

12



900 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 900 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
800} E
rx-FEI L EFFFT+A
700} 2,141‘1‘}’1 : :
I J--Ff 1
/ T T-F s
600 , I ]
0 0 / Plig
3 3 A
5 g so0p . f
o o 4
2 2
= = 4001 / 1
2 2 L
/)
a0 |, f
I ¥
200F 1 1
, ~ — —CMEF
4 WEF
10014 — — WRFm1[|
/ WRF

0 . . . . .
0 0.2 0.4 0.6 0.8 1 12 14 16 18 2

time [time slots] X 10° time [time slots] X 10°

Figure 6.2: The number of idle nodes during the initial transient of 8 - 10° time slots for
CMEF, WEF, Modified WRF, and WRF. The right subfigure shows the values for the
beginning of the simulation with corresponding 90% confidence intervals. The values are

averages over 25 network realizations.

0.0296 — ‘ ‘ ‘ ‘ 0.03 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
Ny=13
N =135
0.0204 | ] 0.0208} Np=14 |
0.0202} 4 L7 T~
0.0296 1
_ 0029 i _
£ 2 T
z ¥ 002941 L L p
5 o028} RN 4 s
: . N
7 \
’ \ 00202 f
0.0286 N 4
. Ny =12
\ N, =13
R 0.029} E
0.02841 \ No=1a 1
\ R
o _Ng=15
0.0282 | ‘ ‘ ‘ : 0.0288 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
025 03 035 04 0.45 03 031 032 033 034 035 036 037 038 039 04
p p

Figure 6.3: The dimensionless mean progress of a packet, u(/Ng, p), as a function of p for
Modified WREF. The left subfigure presents the averages over 50 network realizations, and
the right over 125 network realizations with the corresponding 90% confidence intervals

as error bars.

outside the main paths of the traffic, and do not usually have packets to forward during
the steady state, have their initial queues emptied. CMEF is able to avoid collisions, and
the amount of idle nodes increases much faster that with the WRF methods as can be

seen from Figure 6.2.
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Figure 6.4: The dimensionless mean progress of a packet, u(Ng,p), as a function of p
for CMEF. The left subfigure presents the averages over 50 network realizations, and the
right over 125 network realizations with the corresponding 90% confidence intervals as

error bars.
6.2 Comparison

The maximum values of the dimensionless mean progress of a packet for the new as well

as the reference methods [2| are listed in Table 6.2.

It can be easily seen that deterministic forwarding (MFR) is not suitable for the used
network setup, and the performance can be doubled by switching to a method that
spreads the traffic better. WEF loses to WRF, but is still able to outperform completely
random forwarding (RF).

The optimal values of Ng and p for WEF differ from the values of the other methods
with a similar working principle. A smaller transmission probability, p, gives less weight
to the number of neighbors which, as discussed, loses some of its relevance in the steady
state. A smaller p also allows a greater Np, which reduces the relative standard deviation
of the number of active neighbors. The WRF methods have a higher p than RF since the
number of empty nodes increases when some nodes are assigned with lower probabilities

and thus receive packets only rarely.

The mean progress achieved with the Modified WRF was about 5% larger than with
the original WRF. Additional simulations (see Figure 6.5 for comparison) showed that

the difference is statistically significant with a p-value of 3.2 - 10718, Tt is also to be
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Table 6.2: The maximum u(Ng,p) for each forwarding method along with the corre-
sponding Ng and p.
* The number of neighbors for each receiver is known.
T The number of active neighbors, i.e., ones with queued packets for each receiver is
known.
! The receiver with the best achieved progress is chosen after sending the packet to all
receivers.
u(Ng,p) Nr p
MFR 0.0126 50 0.35
RF 0.0222 14  0.25
WEF* 0.0253 16.5 0.21
WRF 0.0279 14 0.30
WRFm1* 0.0297 13.5 0.34
CMEFT 0.0467 13.5 0.43
OF? 0.0590 18 0.40

noted that when the traffic was more evenly spread among the nodes than in the steady
state simulations, the difference between the two forwarding methods seemed to be even

greater.

Though CMEF was able to outperform other methods by a clear margin, the difference
between the best expectation (CMEF) and the best realization (Opportunistic forward-
ing, OF) was still over 25%. The performances are not directly comparable, since while
CMEF needs information about the current status of the network before making the
forwarding decision, OF uses specific control mechanism to select the receiver with the
greatest progress afterwards. Because all the forward neighbors can receive the packet
instead of just one, OF is able to efficiently avoid collisions, which leads to better perfor-

mance and explains higher optimal values for Ny and p.

The analytical results of [12]| give the optimal values of u*(Ng,p) = 0.0431, Nj, = 7.72,
and p* = 0.113 for MFR under heavy traffic assumption. The idle nodes in the simulations
reduce the average transmission frequency of a node causing the mean progress of a
packet to decrease as well. Because of the idle nodes, the average number of neighbors,

Ng, and/or the transmission probability, p, can also be higher.
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the methods is statistically significant.

7 Conclusion

In geographic routing of large, dense ad hoc networks, it is possible to present a problem
decomposition where on the macroscopic level the task is to balance the traffic load on
paths forming smooth geometric curves, and on the microscopic level to maximize the

packet flow in a direction given from the macroscopic level.

In this paper, three new forwarding methods for geographic routing were presented to
be simulated in a model with a minimal set of parameters under the assumption of a
slotted ALOHA type MAC protocol. These new local forwarding methods were based
on the idea of avoiding collisions by directing traffic to sparser areas of the network
where competing transmissions should be rarer. This was done by taking the receiver’s
number of neighbors into account when making the routing decision. Also a situation
where the actual number of active neighbors was assumed to be known was taken under

consideration.

The results showed that it is possible to increase the performance, i.e., the mean density

of progress, if the number of neighbors of each receiver is known. In steady state simu-
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lations, though, the difference between the modified and the original WRF was not that
appreciable, but if the traffic load was more evenly spread, the benefit from avoiding the
collisions seemed to grow. On the other hand, if the information about whether a node
actually has packets to send was known for each neighbor (and their neighbors), it was

possible to achieve a significantly higher mean density of progress.

Opportunistic forwarding provided a practical upper limit for performance that is achiev-
able with local coordination. Simple forwarding methods based on random forwarding
fell far from this limit, while the method maximizing the true expected progress (CMEF)
performed about 20% worse. One possibility of trying to still close the gap would be to
monitor the actual queue lengths, although a more interesting topic could be the actual

maximum performance of the network achievable with (global) coordination.
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