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ABSTRACT

In this paper we introduce a cross-layer mechanism to enhance the eﬀectiveness of link-state routing protocols
by providing a localized estimate of the validity of a given route. Accurate predictions of route staleness result
in less packet loss by selecting alternative paths before primary path failures. We present a proof of concept
implementation that utilizes shared location and velocity information provided from each node through a common
cross-layer substrate. Simulations using random-walk mobility models are presented for the OLSR protocol. The
results show that predictive route adaptation can signiﬁcantly reduce the average packet loss, average delay and
jitter.
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1. INTRODUCTION
Many MANET routing strategies suggested for tactical networks have, at some level, relied on link state-based
routing protocols. Following the trend of protocols such as Fisheye OLSR, HSLS and MALSR, new variations of
this class of protocols are likely to continue to play a prominent role in both the development and deployment
of military and civilian tactical/edge networks.
A basic underlying assumption in most link state protocols is that each node can locally determine its onehop neighbors and the quality of their associated links. Beaconing is commonly used for this purpose. In highly
dynamic environments, however, estimates based on periodic beaconing are likely to suﬀer from both type I and
type II errors. False positives result when the neighbor list includes nodes which have moved out of range since
the last beacon. And false negatives result when nodes not detected by the last beacon have since come into
range. Although most protocols provide contention and route recovery mechanisms to address these errors, there
is always a performance cost associated with the recovery.
In this paper we introduce a cross-layer mechanism to enhance the eﬀectiveness of link-state protocols by
providing a localized estimate of the validity of a given route. The proposed strategy relies on predicting the rate
of change in distance between nodes in order to build (based on theoretical propagation models) the likelihood
of packet delivery success before deciding on the best route. Accurate predictions are shown to directly result
in less packets dropped because alternative paths can be selected before the failure of primary paths. Although
demonstrated in the context of routing protocols, this strategy can also be applied in overlay networks and
peer-to-peer applications in dynamic environments.
Our local estimation of the accuracy of the topology is a computationally eﬃcient algorithm based both on
information contained in multiple layers in the communications stack (i.e., signal strength and fading) and/or
explicit information provided by the platforms (e.g., position and velocity estimates). We present a proof of
concept implementation that utilizes location and velocity information provided by each node through a common
cross-layer substrate. Empirical tests are conducted in NS-2 simulations using random-walk mobility models.
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Figure 1. Classes of ad hoc routing protocols.

2. ROUTING IN MOBILE AD HOC NETWORKS
Routing is one of the most investigated networking services in mobile ad hoc networks. Currently there are
a large number of routing protocols with diﬀerent characteristics and capabilities. Out of the types described
and classiﬁed in Figure 1, proactive link-state based routing protocols represent a class widely used in small to
medium scale deployments.
OLSR1 implements a link state protocol using optimized strategies for topology control, maintenance, and
sharing. In its original form, OLSR maintains global topology information at each node which allows for routing
decisions to be made locally beforehand (proactive routing). Proactive strategies, however, come with an overhead
cost for the periodic monitoring, maintenance and sharing of node state and neighborhood information. Such
overhead in proactive protocols like OLSR, generally constitute a limiting factor in the scalability of the protocol,
constraining their application to small or medium scale networks. Variations of OLSR such as Fisheye OLSR2
and hybrid approaches3 have been proposed to improve scalability and reduce overhead. But any proactive
strategy will always have to balance the accuracy of local routing information with the overhead induced by the
protocol both for detection and maintenance.
In this work we propose a general enhancement for link state routing protocols. The goal is to allow such
protocols to build, at low cost, an estimate of the validity of their neighborhood and routing information.
Recognizing the probability of success of using a speciﬁc route, allows the protocol to a) decide when to update
and share its own neighborhood and state information, and b) to better make routing decisions proactively, by
choosing secondary routes in lieu of primary routes that are “about to fail”.
While we recognize the importance of using network stability metrics to, for example, adjust and direct the
protocols beaconing, we reserve that for future work and focus in this paper on informing the routing decisions
via short-term predictions of change in the local topology of a node.

3. RELATED WORK
A number of authors have previously proposed the use of predictive strategies for optimizing standard routing
protocols. Baras and Mehta4 have proposed the use of component based routing as adaptation mechanisms to
changing network conditions and requirements. The central idea is to allow protocols to be “assembled” from
elemental components (potentially at run-time) to accommodate environmental requirements and conditions.
Su and Veciana5 proposed predictive routing protocols to enhance QoS for data streams. The protocol focuses
primarily on proactive resource allocation based on load information shared by each node. Predictions about
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resource availability conditions are used to inﬂuence route calculation to comply with QoS requirements. Huang
and Baras6 also proposed the use of probabilistic routing for run-time adaptation to changes in topology and
resource availability. That work, however, focuses on swarm intelligence strategies for probabilistic routing and
uses predictive strategies only as part of its online learning algorithm.
Predictive location based routing protocols such as CBLR7 also leverage the notion of predicting the future
location of nodes in the networks. The focus of such protocols, however, is on building location estimates for
other nodes in order to support geographical-based routing.
Other geographic position-assisted routing protocols such as GFG8 and GPSR9 also leverage location information from other nodes to make routing decisions. This class of protocols, however, generally use geographical
location as a replacement for the addresses of a node, and often rely on greedy strategies for packet forwarding. Although not necessarily predictive by design, geographic position-assisted protocols do inherently provide
position sharing capabilities that can be naturally extended by predictive routing strategies.
Position information can be generally obtained from GPS devices or other mechanisms such as dead reckoning
and signal strength triangulation.10 Although widely varying in terms of resolution and accuracy, the eﬀective
capability of each of these approaches is fundamentally the same. Variations of these classes of protocols that do
not necessarily rely on geographical positions have also been proposed11, 12 where virtual coordinates are assigned
to each node in the network based on a few reference points.

4. PREDICTIVE LINK STATE ROUTING PROTOCOLS
In this work, we argue that link state routing protocols can be generally enhanced with predictive mechanisms.
In order to illustrate our claims, we propose an extension to the OLSR routing protocol that implements a
predictive component to reduce packet loss and improve average delivery delay and jitter. In this paper, we call
this POLSR (for Predictive OLSR).
OLSR is a link state routing protocol optimized for mobile ad hoc networks. As in most link state protocols,
OLSR-enabled nodes rely on the periodic UDP broadcast of hello messages for neighborhood discovery and
maintenance. Local changes in link state (both availability and quality) are propagated through topology updates
to all nodes in the network, ideally allowing each node in the network to locally form a global view of the network
topology. Controlled ﬂooding of the topology updates (or other messages) is accomplished through the use of
special ﬂood relay nodes called multi-point relays (MPR). MPRs are used to relay ﬂood messages from speciﬁc
nodes, greatly minimizing the number of retransmissions without compromising the requirement for full network
coverage.
The proposed POLSR algorithm extends the OLSR protocol by providing, at each node, a metric that
indicates the probability of success of packet delivery to each of the nodes in its current routing table. In highly
dynamic environments, instead of increasing the frequency of hello updates (and consequently the overhead) of
the OLSR protocol, we propose to allow nodes to determine the probability of successful delivery when using
a particular route. Such an approach allows nodes to optionally choose alternative routes in lieu of “optimal”
OLSR routes that have a low probability of successful packet delivery.

4.1 The POLSR Protocol
The main idea behind the protocol is to allow nodes to predict the success of using a speciﬁc neighbor as the
next hop (route) for a given target. The prediction algorithm involves two parts: a) the estimation of short-term
changes in the physical location of neighbors, and b) the estimation of the probability of success of using each
speciﬁc neighbor as the next hop for a route.
For the ﬁrst part, position estimates are obtained from the physical coordinates and estimated velocity vectors
periodically reported by each node. Node position and velocity estimates are distributed as four additional bytes
added to the periodic hello messages used for neighborhood maintenance. From the periodic hello messages
received from its neighbors, each node gathers the velocity vectors and the current positions of those nodes.
Since hello messages are asynchronous, each message is associated with a time stamp upon receipt. The location
reported by each node allows for the estimation of the relative distance between a node and each of its neighbors
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Figure 2. Distance-change rate estimation.

at the time the packet was received. The velocity vector reported with the location is used for estimating the
temporal rate of change in relative distance.
As illustrated in Figure 2, the rate of change in distance is estimated under the assumption that nodes are
moving in a linear trajectory with a constant speed. Such an assumption is reasonable if we consider that the
rate change estimates are periodically corrected by subsequent hello messages. Drifting errors are small and,
most importantly, bound to the maximum interval between hello messages and the maximum speed of a node.
Within periodic hello messages, the projected location of each neighbor can be easily and eﬃciently estimated
from the previously reported position and the rate of change of the relative distance between nodes. Because
hello messages are asynchronous in the network, local connectivity (i.e. neighborhood information) inferred
from such messages is dependent on the time elapsed since the last message from that node was received and the
distance, speed and direction of each previously reported neighbor. Under the previously stated assumption that,
within the hello interval, the speed and direction of the nodes are relatively constant, each node can estimate
the current position of each of its neighbors based on the information shared in the previous hello message.
For the second part of the prediction algorithm, the fundamental task is to estimate the likelihood of reaching
a node given its projected location and translational speed. For that, POLSR relies on theoretical RF propagation
models to determine connectivity. In this work we use the shadowing propagation model. In particular, we utilize
the implementation available as part of the NS-2 network simulator. The shadowing propagation model deﬁnes
the signal strength at the receiver side through a log-normal random variable. To determine the probability of
a transmitter reaching a certain distance, the received signal strength at the target distance is estimated and
compared against a cutoﬀ threshold.
If Pr is a random variable representing the signal strength at the receiver and RxThresh is the reception
threshold, the probability of receiving data at the receiver is the probability that the receiving power Pr is
greater than RxThresh, that is P(Pr > RxThresh). Such probability is the same as 1- P(Pr ≤ RxThresh), which
can be calculated from the cumulative distribution function of Pr , which is log-normally distributed.
In our simulations, we have used the following random variable shown in equation 1 to represent the power
at the receiver.
Pt Gt Gr λ2  d −β
·
Pr (d) =
· 10XdB /10 .
(1)
(4π)2 d20 L
d0
s In Equation 1, Pt is the transmission power, while Gt and Gr are the antenna gains for the transmitter and
receiver respectively; L is the system loss, λ is the wavelength, d is the distance between nodes, d0 is the close-
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in distance, β is the path loss exponent, and XdB is a random normal variable with zero mean and standard
deviation σdB .
From equation ( 1), the average and standard deviation estimates for the log of the power at the receiver
(log(Pr )) are given by equations ( 2) and ( 3), respectively.
µ = log

 P G G λ2 
d
t t r
.
−
β
log
(4π)2 d20 L
d0
 σ 2
dB
σ2 =
.
10

(2)
(3)

5. EXPERIMENTAL EVALUATION
For the experimental evaluation of the predictive routing algorithm we have primarily relied on NS-2 simulations
using the OLSR extension provided by Ros.13 For our simulations, the standard OLSR hello messages were
modiﬁed to include information about node location and velocity. For that, 4 additional bytes were added to
the header of each hello message. Information about local position and velocity were assumed to be accurate
and available at each node. For our tests this information was directly obtained from the mobility models.
We have also added an additional data structure to each node to maintain the last update information
received from each of the nodes neighbors. The neighborhood table holds, for each neighbor, the time stamp of
the last received hello message and the last reported location and velocity for that node. (Note that for eﬃciency
purposes, some other derivable information is also maintained in that table in our implementation.)
When receiving a hello message from a neighbor, each node updates its neighborhood table by calculating
the relative distance to the neighbor and the rate of change in distance as a function of time.
When updating routing information based on local topology, each node calculates the projected distance to
every neighbor from their previously reported location and distance change rate estimates.
The projected distance is used with the shadowing propagation model to build an estimate of the likelihood of
the node being reachable at that time, given the current transmission power. If the probability of the node being
reachable is lower than a certain threshold, the neighbor is marked as non-preferred. In our implementation, we
have chosen to represent this by setting the link to the node as non-symmetric, which will remove it from the
MPR list for the node and disregard it as a potential next hop for routes. This strategy allows us to simply
re-use the route update logic already implemented as part of the OLSR protocol.
In order to estimate delay and jitter, every message generated by the NS-2 agent was time-stamped. This
modiﬁcation is mainly for instrumentation purposes and provides no support to the predictive functionality.
Packet delivery delay in our simulations was measured as the diﬀerence between the current simulation time
(based on time reported by the simulators scheduler) and the timestamp of the packet.
The simulation environment consisted of a 30 node network randomly distributed (uniform distribution) in
an area 1000 meters squared. The size of the area was chosen to minimize the probability of disconnected nodes
or segmented clusters at the beginning of the simulation.
The nodes are randomly divided into three groups (again using a uniform distribution). We made no attempt
to ensure that the groups were of the same size. Given a maximum speed for each simulation, we allocated the
speed for each group as follows:
1. Group 1: All nodes moving at a constant speed equal to 10% of the maximum simulation speed,
2. Group 2: All nodes moving at a constant speed equal to 60% of the maximum simulation speed.
3. Group 3: All nodes moving at the maximum simulation speed.
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Based on the geometric constrains of the simulation, we estimated a maximum allowable speed that would be
slow enough to capture the transition of nodes between hello messages. Essentially, we estimated the communications range of each node and, given a ﬁxed interval for periodic beaconing, we estimated the maximum traceable
speed of a node. That value was estimated to be 90 meters per second, which we deﬁned as our boundary test
condition.
We also arbitrarily chose two other levels of maximum speed for testing: 10 and 30 meters per second. For
each of these test conditions, the ﬁxed speed for the nodes at each of the three groups was calculated as shown
in table 1.
Following a random walk model, given a speed, nodes choose a random destination in the square area (uniform
distribution) and start moving. Upon reaching the destination point, each node immediately chooses another
destination (again through a uniform random distribution), and continues moving to that location.
Table 1. Simulation speeds for each group of nodes

Max. Speed
10 m/s
10 m/s
10 m/s

Group 1
1 m/s
3 m/s
9 m/s

Group 2
6 m/s
18 m/s
54 m/s

Group 3
10 m/s
30 m/s
90 m/s

Five diﬀerent nodes are randomly selected as data sources for traﬃc. Each of these nodes chooses a target
receiver (which will be the same for the life of the simulation) and generates 2 packets of 256 bytes per second
which are transmitted with no acknowledgement of retransmission to the target node. We ensure, at each run,
that data senders and data receivers are represented by diﬀerent nodes in the simulation.
The hello interval for all nodes is 2 seconds and their transmission power is 366 mW, which enables a
communications range of approximately 200 meters, on average.
The simulation runs for 5 minutes, which results in the generation of 600 messages (or data packets) from
each of the senders. Logging and tracing is enabled at each receiver in order to track the number of messages
successfully received in each of the streams. Messages are unreliable and not sequenced, so any message received
from the sender (regardless of order) counts as a successful transmission.
For our simulations, the threshold chosen for deciding the validity of a route was 50%. That is, if the
calculated probability of reaching a neighbor is less than 50%, the routes through that node are discarded in lieu
of secondary alternatives (assuming they exist).
To visualize and illustrate the simulation traces we have used iNSpect.14 The output trace of NS-2 was
modiﬁed to also include probability estimations about the trustworthiness of each nodes routing table. That
information was exposed to the visualizer to graphically illustrate the quality of each nodes routing table.
In Figure 3, we illustrate an example showing how the quality of the routing information quickly becomes
stale and potentially wrong as a function of the dynamics of the network.
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Figure 3. Mobility-induced routing table mismatches.
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In the ﬁgure, the color of the nodes (from black to white) indicates how inaccurate the nodes table is in
relation to the underlying true RT topology (obtained directly from the simulator).
One interesting phenomena observed in these tests is the cumulative eﬀects of route mismatch. Although
diﬃcult to represent in the still images shown in Figure 3, the issue emerges from the fact that, as expected,
the accuracy of routing information from a node will progressively degrade over time between periodic hello
messages from its peers.
However, even when hello messages are received, the up-to-date information represents only the link to the
sender, which is potentially in bad shape itself relying on an outdated routing table. The immediate consequence
is that nodes featuring frequent hello broadcasts (short interval between messages) may be greatly favored as
next hop options by its neighbors and yet, be extremely ineﬀective for message forwarding. Their own routing
table accuracy is not a function of their hello interval, but instead, a function of the interval chosen by its peers.
In this paper we dont explore this speciﬁc characteristic any further, but we do submit that a small variation
of the proposed predictive protocol may be eﬀective in addressing this issue. We will explore this possibility in
our future work.

6. EXPERIMENTAL RESULTS AND ANALYSIS
For this paper, we have primarily focused on the performance gains obtained with the proposed prediction
strategy. Performance gains, in this context, will be measured in terms of average packet loss, average delay and
average jitter measured for each of the test conditions.
The average packet loss in the experiments are intentionally high, varying from approximately 30% to 75%
under diﬀerent mobility and topology conditions.
The results shown in Figure 4 illustrate the signiﬁcant improvement (dashed) in packet loss reduction under
diﬀerent levels of maximum speed. Recall that all nodes are mobile, however one third of the nodes moves at
10% of the maximum speed, while second third moves at 60% of the maximum speed and the remaining nodes
(i.e. 1/3 of all nodes) moves at the maximum speed.
In the example shown in Figure 4, the top solid lines show the lower and upper limits of the conﬁdence
interval of the average packet loss for OLSR. The lower (dashed) lines show the same interval for POLSR, using
the 50% threshold previously described.
As the ﬁgure shows, the improvement provided by the predictive component is statistically signiﬁcant in
every case, showing better improvements at lower mobility rates.
At low maximum speeds (10 m/s), the improvement of the predictive component in terms of packet loss is
approximately 86%. If the maximum speed is increased to 30 m/s, the improvement in packet loss reduction is
65%. And at a maximum speed of 90 m/s the gain in packet loss reduction is 10.6%.
The decrease in relative improvement is explained by the fact that, at high mobility rates, the changes in
topology may be so rapid that even the secondary routes are no longer available to the point that they cannot
be used as a replacement for fast leaving neighbors. This is a limitation of our implementation. While POLSR
can predict the fact that neighbors will become unavailable, in its current implementation it cant anticipate the
arrival of new nodes about to be discovered.
A similar improvement is illustrated in terms of the reduction of average packet delay (see Figure 5). The
improvements in delay are somewhat unexpected given that POLSR tends to use less optimum routes in lieu of
primary (but possibly invalid) routes.
The observed reduction in average delay is essentially due to the conservative approach used by the protocol.
Because route estimates are calculated based on 2 second neighborhood updates, the replacement of a previously
preferred route generally lags in relation to the underlying changes in topology. That eﬀect is minimized in
POLSR because fast moving nodes, or nodes close to the communication range boundaries, are less desirable by
default.
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Similar improvement results are also observed in the reduction of jitter (Figure 6). The average jitter is
signiﬁcantly improved in POLSR again because of the conservative nature of the protocol, which tends to discard
boundary options in lieu of more stable (and repeatable) alternatives.
The downside of choosing secondary routes in lieu of their primary alternatives is essentially cost. Primary
routes are chosen because of a link cost estimate in OLSR that estimates (using Dijkstras single-source shortest
path algorithm, typical of most link state-based protocols) the cost of one path versus another. The cost of
a link in OLSR is estimated based on missed hello messages which is believed to aﬀect the packet loss (and
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delay) of data traﬃc sent through that link. Our simulations, however, have shown that such metrics may fail
to accurately reﬂect packet loss, delay, and jitter. From our observations, the stability of the route in terms of
its persistence seems to be a better indicator of quality for these measures.

Figure 6. Confidence intervals for average jitter in a) OLSR (solid) and b) predictive OLSR (dashed).

7. CONCLUSIONS AND FUTURE WORK
We assume, in this work, that reachability is primarily a function of distance, which is a very simplistic assumption
in highly contentious environments. However, the methodology proposed here is not directly dependent on this
assumption. The underlying capability required for the operation of the protocols is the probabilistic projection
of future system state in the short term (i.e. within the average hello interval).
In this work, we have demonstrated the applicability of this principle using a simple connectivity model
deﬁned by a well-known propagation model based on distance. In order to accommodate other environmental
eﬀects, short-term historical information about the link can be added to protocols, allowing for a more accurate
estimation of future connectivity. This aspect is part of our future research.
Another weakness of the proposed algorithm is the assumption that position and velocity of a node are readily
available. This requirement implies the availability of a local GPS device (or other external reference system).
Although this assumption is often valid in many tactical networks, its requirement by the protocol is generally
limiting. But recall that position and velocity is only locally shared by each node to build an estimate of the rate
of change in distance. We argue that similar information can be obtained by monitoring short term trends on the
quality of links to each node. Our cross-layer infrastructure,1516 provides the mechanism to locally collect and
share such information, and implements a proof-of-concept version of POLSR. As part of our future work, we
are also exploring mechanism to ensure that such information can be obtained at low cost (i.e. without requiring
permanent communication between nodes). Once implemented, this approach will be evaluated and compared
with GPS-enabled protocols.
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