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Abstract— We present link-diversity routing, a routing para- ‘ . ‘ ‘

digm that increases the path resilience in mobile ad hoc networks.

Link-diversity routing chooses each hop of a packet's route, so source destination

that the choice reflects the amount of outgoing links at the

intermediate hops. This choice maximizes the opportunities to

make progress at every hop in the presence of link failures.

As a result, link diversity routing takes paths which are less . _

prone to fail due to individual link failures than traditional

routing. We develop a loop-free and distributed link-diversity

routing algorithm. The algorithm is based on an analogy from the

heat theory which consists of routing packets along the steepest

gradient of a temperature field that is created by the destination .

nodes. We perform simulations of our algorithm with a DSDV- source destination

based implementation. Our simulations of 802.11b networks with

up to 10000 nodes which are moving according to a mobility Fig. 1. The top network topology is more sensitive to linkdadls than the
model we inferred from geographical data of a large existing city bottom one because each node has only one link to reach thieaties.
show that link-diversity routing increases considerably the path If only one link fails, the source can no longer reach the idatibn. In
resilience and also the overall performance. For nodes moving at the bottom topology, the source node can still reach theirggisin when
car speeds in our simulations, link-diversity routing increases the Particular links are unavailable.

end-to-end packet delivery ratio compared to traditional routing

by a factor of up to four.

best illustrated in Figure 1. In the top network topology, a

] ) . ] source node is connected to a destination node via a single
Mobile wireless multi-hop networks typically usgest ef- cpajn of intermediate nodes. If any link on this chain beceme

fort routing techniques. That is, each router in the netwotk,ayailable, a packet from the source to the destinatiore nod

maintains a forwarding table that includes a set of possiRlgnnot be delivered. In the bottom of the figure, all nodeghav

links to reach a specific des_tmat?orWhen_ a packet has to beyyq outgoing links in their forwarding table over which they

forwarded, a node looks up in its forwarding table the prefér o, reach the destination. In contrast to the previous ase,

link according to the network routing metric, and forwartle t acket from the source node can now be delivered succassfull
packet over this link. If for any reason this link is currgntl j tne presence of individual link failures.

unavailable (for example, the node is temporarily down & ha Existing routing protocols are agnostic to the link diveysi

just moved away before the change has been captured aafl wpjcally optimize for a metric like the number of hops
updated by the routing protocol), an alternative link frdme t 26], [18], [27], [8], [13], the link qualities [28], [10], 1], or

forwarding table is selected_anq Usefj to forward the Packgie throughput [9]. These approaches are effective in rathe
When there are no alternative links in the forwarding tablgiaiic networks where the link failure probability is low.

the packet is simply dropped and the loss is assumed 10 \B6ever. as illustrated before, in dynamic and possibly itsob

hand_led by the_ upper layers. ) ) _hetworks, ignoring the alternative link opportunities rajoa
This model is in itself very robust to link failures as 'tpath often leads to dead-ends.

ng;bﬁ.\tl e?hzlall ;heag:gtsingﬁt 0;Ihn:rr.fag:rses(':czsogvf;\f;:é e this paper, we proposénk-diversity routing, a novel
P "ty P ventuaiy arrv u Louting paradigm that increases the path resilience in the

dtestmar:lohn strolngly depe?gstorlr:hednurtpbetr of o_:fﬁ]gomgs“np.resence of frequent link failures. This is achieved by slmap
at each hop along a path to the destination. IS 1SSU€ fZen hop of a packet's route such that each hop has a

1A destination can be a single node or a set of nodes aggreasi@avhole high number Qf _opportqnities to forward t_he packet. AS a
network. consequence, it is possible that packets will not be delder

I. INTRODUCTION



A. Heat-based Routing Paradigm

(%0

The key idea of link-diversity routing is to chose a packet’s
S route so that the amount of outgoing links at each hop is
sufficiently high to provide enough forwarding opportuedgti
& To find such routes, we rely on a thermodynamic analogy.
N Consider the heat flow away from an ideal heat source. The
& N @& &\ N@& flow intensity depends on how well a region is physically
interconnected with the source (see Figure 2). To explast th
Fig. 2. The heat flow at the bottom of the left arrangement ieldvan atthe  property for routing, we model the destination in a netwask a
bottom of the right arrangement because of the differencatin gonnectivity. a heat source. Then, we evaluate the heat flow resulting from
this heat source at all the nodes according to the network
connectivity. For this, we determine the temperature ofyeve
node. The temperature distribution around a heat source is

defined by the heat equation. The heat equation is a partial

difference method routinFDMR) algorithm which is based . . . L
on an analogy from the heat theory. Our algorithm exploigsgf;ﬁggél equation which in steady state follows the laag
U :

the fact that the heat flow generated by a heat source depen
on the physical interconnection of the propagation medie (s
Figure 2). In our routing context, this means that highly Ad =0, (1)

interconnected network regions, or nodes with a high-linkpere A is the Laplace operator defined a8 = V -
diversity, will allow the heat to dissipate better than sely  _ giy grad, and ¢ is the temperature distribution. This

connected regions, or nodes with a low link diversity. AS @qyation basically means that the temperature distribusia
result, our forwarding scheme which consists of forwardingice differentiable function. It also means that the fieidai
packets towards the "warmest” path, routes packets alottg Panonotonously decreasing function.
which exhibit a high link-diversity. _ As such, the heat equation defines an infinite number of
The main contributions of this paper are the following:  yossiple solutions. An exact solution of the equation is one
« We propose the idea of link-diversity routing to improvehat satisfies the a priori knowboundary conditionsWe
the path resilience in networks with frequent link failuresgefine the boundary conditions intuitively as follows. We se
+ We present the design of a routing model inspired froffie temperature of the destination nodg to ¢(z4) = 1,
heat theory that exploits link-diversity. Additionally,ew corresponding to the constant temperature of an ideal heat
provide the FDMR algorithm, a loop-free routing algosource and the temperature value of the source node
rithm that relies on the finite different method to distri@ut(b(xs) = 0, corresponding to the absolute lowest possible
heat information in the network in a distributed way. temperature. These two boundary conditions together with
« We compare the performance of our DSDV [27]-baseghe heat equation now define a unique temperature field
FDMR implementation with the original DSDV protocoldistribution which has a maximum value at the destination
that uses a the minimum hop-count as routing metrigode and is minimal at the source node. Furthermore, it can
Our simulations show that link-diversity routing managege shown that since the Laplace equation is a monotonously
to increase the end-to-end packet delivery probabilifecreasing function, the distribution has no local maxififas
in mobile scenarios by a factor of up to four. Thiss a necessary condition for the routing to work as we will see
improvement is achieved without considerably increasingter.
the delivery path length. Figure 3 shows the temperature field for an example net-
The rest of this paper is organized as follows. In the nextork. The temperature of the nodes are given by the numbers
section, we present the heat-based routing model and thside the circles representing the nodes. The temperafure
FDMR algorithm. In Section Ill, we describe our implementathe boundary conditions are set to 1 (for the destination)) an
tion of the FDMR algorithm which relies on the DSDV routing0 (for the source).
protocol. Section IV presents our simulation results. Weeng Finding a path from the source to the destination is a
related work in Section V and conclude in Section VI. gradient search problem. Since a field distribution follogvi
the heat equation can never have a local maximum, any
ascending gradient from the source (represented with a thin
In this section, we present our heat-inspired model f@frrow in Figure 3) is a valid path towards the destination.
Iink-diversity rOUting. We first describe the key ideas OéthTherefore’ |Oop-free packet routing can be imp|emented in
heat-based routing paradigm. Then, we introduce the FDMRhop-by-hop way by forwarding a packet at every node to
routing algorithm which we propose to establish tempegatusny neighbor which has a higher temperature value. In our

fields in a completely distributed manner and forward packejpproach however, unless a link along the steepest gradient
according to those fields. We also prove the key routing

properties such as convergence and loop-freeness. 2where div is the divergence and grad is the gradient.

2 i N

over the shortest path to the destination.
To implement link-diversity routing, we present tfiaite

II. MODEL FORLINK-DIVERSITY ROUTING
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Fig. 3. Example temperature field. The steepest gradient frensource to
the destination is along the path with the highest link diitgr
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Fig. 4. Example temperature field: All paths have the same linkrdity
and the steepest gradient is along the shortest path.
Fig. 6. The FDMR algorithm: Nodes calculate their temperatasethe

average temperature of their neighbaps;-1(z1) = i ot(x2) + de(x3) +

is broken, we always forward packets along the steepest agz4) + ¢:(vs5)
cending gradient (represented with a thick arrow in the &yur
corresponding to the neighbor with highest temperaturés Th

way, the path a packet follows is analogous to the minimumy-p,  merical technique called thiaite difference methof22]
energy diffusion path of a particle in a real temperaturafiely, oyajyate the solution of partial differential equatiams a
Fur.ther notige thgt the chosen path towards the bottom ie MYid. The finite difference method is an iterative technicpie
resilient to link failures than the upper path. _a basic principle, the method relies on the fact that safstio
Another interesting property of the routing model it thaf, | apiace’s equation are harmonic functions and thusfgatis

the path with the minimum hop-count is chosen if the linkge mean value theorem of potential theory. According to
diversity of different paths is the same. This is best iflatgd ;g theorem, the value at a point is equal to the arithmetic

in Figure 4, where there are three paths from the source to rage of its values on a boundary surrounding this point.
destination all having the same link diversity but a diffure For example, in a 2-dimensional square grid, the value at a
number of hops. As we can see the steepest gradient is algpgh; js equal to the average values of the four immediately
the path with the minimum number of hops. neighboring points in the grid (see Figure 5). The way the
B. The FDMR Routing Algorithm finite difference met'hod works is by iteratively apprqxiingt
o ) ] ] ~_ the value of the points on the grid as the arithmetic average
Establishing routes with this model results in establighin f the neighboring points until the values have converged to
temperature field on the network nodes which solves Equatigi: final solution. It can be shown that this method always
(1). To establish a temperature field, we require an algoritheoyerges to Equation (1) in a bounded number of iterations.
Wh'Ch is by des_lgn scalable _and robust. These two propertiesy application of this method to evaluate the temperature
imply the following two requirements: distribution on a network of nodes is as follows. We define the
« The algorithm should be completely distributed. grid as given by the network topology. That is, every node in
« Every node should be able to calculate its own tempafe network is a point in the grid and every link in the network
ature locally, based on the temperatureoafy its direct corresponds to an edge in the grid. Note that for an arbitrary
neighbors. network topology, the grid might not be a regular square grid
We propose the FDMR algorithm which fulfills both re-but this is not a requirement for the finite difference method
guirements at the same time. The FDMR algorithm relies aa work.



destination field, the theorem holds if we prove that the finite difference
method works on any irregular grid. This has been shown in

OROIORORO
° @ @ @ @ } @ [Zﬂﬁe:)rem 2:In a converged temperature field constructed

by the FDMR algorithm, a packet from the source forwarded

° ° @ @ @ 3 @ along any ascending gradient will eventually reach theidest
‘ nation.

Sketch of Proof: To guarantee that any gradient from the
° ° ° @ @ 1 @ source leads to the destination, two conditions must be met:
(i) the temperature of the destination must be the maximum
value in the field and (ii) the temperature may not have any
° o ° o ° ° source local maxima. Condition (i) is always true since for a node
; ; : ; i ; t to have temperature value greater than one, it must have at
0 1 2 3 4 T least one neighbor with a value greater than one. However,
i ) i ) o since at iteration step = 0 there are no nodes with a value
Fig. 7. Basic operation of the FDMR algorithm. At iteratiorestl’, the o . . .
algorithm has converged and the temperature distributitiowie Equation greater than one, it is not possible that at any iteratiop ste
). t > 0 it occurs. Condition (ii) holds because any solution of
the Laplace equation is an harmonic function. An harmonic
function can never have a local maximum or minimlim.
We define the FDMR algorithm as follows. LeX = Theorem 3:Packet forwarding with the FDMR algorithm
{z1,---,z,} be the set of nodes in the network and denotg |oop-free.
{zk;k € nbr(z;)} as the set of nodes which are neighborsroof; We prove this with a counter example. Assume that a
of z; (i.e., there exists a link between andzy). All nodes packet has traveled in a loop. Therefore, the packet must hav
except the source and the destination nodes (Wthh define ﬂ'ﬁ/e|ed across a node twice. However, the FDMR a|gorithm
boundary conditions) start with an initial temperatureueal requires forwarding to be along an ascending gradient.éFher
pi=o(z;) = 0;z; € X\{zs,z4} and calculate their own fore, the potential value at every hop must be strictly large
temperature at iteration step+ 1 as the average of thethan at the previous hop. Hence, it is not possible that agtack

temperature of their direct neighbors at iteration stefsee travels more than once through a specific nilde.
Figure 6 for an example):

Zl«enhr(mi) ¢ (zk)
RIC) :{ = TabrGeor o Inbr(i)[ >0 (2)  In this section, we describe our implementation of the
0 s [nbr(z:)| = 0 FDMR routing algorithm. Since our algorithm operates with
The temperature of the source nade and destination node iterative updates between the neighbors, it is a naturateho
x4 are the boundary conditions and thus constant over &implement it as a distance vector [3] routing protocolr Fo

O

Il. | MPLEMENTATION OF THEFDMR ALGORITHM

iterations: our implementation, we used the DSDV [27] routing protocaol,
a protocol designed for wireless ad hoc networks. In the
dt(xs) = 0;Vt >0 (3) following, we describe how we adapted the DSDV routing

di(zg) = 1;VE >0 (4) protocol and how packet forwarding is done.

The operation of the algorithm is shown for a simpl@. Establishing Temperature Fields

example in Flg.ure. 7. At iteration step = 0, all nodes Nodes running a distance vector protocol periodically ex-
expeqt the_ destination have a temperature valuc_a of 0. At eac(m;\nge routing messages with their neighbors. These period
next |t_erat|0n step, the nodes recalculate Fhe'r_tempmatll‘nessages include a cost per known destination. These costs
gccor_dlng to the new temperature of their neighbors. Ar‘épresent the network "distance” of each node to reach the
iteration stepl’, all values have converged. destination. Looking at the cost of the direct neighborghea
C. Properties of the Routing Algorithm node then estimates its own cost through a well defined method
'gentical for all nodes. In the traditional DSDV implementa
Ion, the destination sets its own cost to zero and each node i
éhe network calculates its own cost by adding one to the cost
f the neighbor with the lowest cost. Hence, after convergen
e cost of each node is the distance in hops to the destinatio
node.

Ad(x) =0,t < 0. (5) In our implementation of the FDMR algorithm, the ba-
Sketch of Proof: A detailed proof of this theorem is outsidesic mechanism remains the same but the calculation of the
the scope of this paper. However, since our algorithm reliessts is different compared to the original protocol. In our
on the finite difference method to calculate the temperaturaplementation, the destination node sets its cost to 1 laad t

We now prove three fundamental routing properties of t
FDMR algorithm.

Theorem 1:The temperature field constructed by th
FDMR algorithm converges to Equation (1) in a bounde
number of iterations: t



source node to 0. All other nodes calculate their own cost ealculates its cost as one hop plus the hop-count of thestlose
the average cost of their neighbors (see Equation 2). Henneighbor to the destination.

after convergence, the cost of each node corresponds to thin a first step, we present results from an idealized sim-
temperature of the destination field which is a value betweertation study using random graphs. These simulations are

0 and 1. not meant to provide quantitative measures on system-level
. performance metrics but rather more profound understgndin
B. Packet Forwarding on the behavior of both algorithms. Then, in a more realistic

The basic forwarding mechanism of the distance vectdfmulation study using Glomosim [32], a wireless network
routing algorithm consists of decreasing the cost at eagh hejmulator mcorpore}tmg sophisticated models for the pdats
a packet is forwarded. This way, packets will eventuallyvarr @nd MAC communication layers, we analyze the performance
at the destination which has the lowest cost. In the tratiio Of Poth schemes for concrete scenarios with mobility.
minimum hop-count approach, each node sends the paCkeErFOSimulations with Random Graphs

the neighbor having the lowest cost. However since in ou ) ) )
approach, the cost definition is inverted, forwarding isnglo We now present our simulation results with random graphs.

increasing temperatures. In particular, we always forwald'e considered graphs are random unit disk graphs generated
packet along the steepest ascending gradient corresgptadinPy a@ssigning the position of vertices randomly over a two-
the neighbor with the highest temperature. dimensional square area. There exists an edge between two
When a link breaks, a certain amount of time is require¢f"ices in the graphs if the geometric distance of the cesti
for the routing protocol to react to the topology change arjy Smaller than a fixed threshold value. This model is an
update the routing state in the network. To avoid that ahgpat'deal simplification for the network topology that ariseerfr
using this particular link are temporarily down during thigandomly placed nodes gendmg at the same transmission
time, it is therefore necessary to react to such events at fifyver in a free space environment. _ o
forwarding level. Therefore, when a link from a used path is 1) Robustness:To capture the benefit of link-diversity
temporarily unavailable, the intermediate node which atste f0Uting in terms of robustness, we look at the ability of both
the failure (link failures can typically be detected when ngrotocols t_o redirect traffic arou_nd broken links during the
periodic updates have been received from the neighbormwitioment directly after a topological change occurs and the
a certain period of time or in the presence of a missh{q]oment until the protocol had time to react to the topoldgica
link-layer acknowledgment after some amount of link-laydranges and update its state information. We do this by
retransmissions) looks up in its local cache for an altéraat Measuring the packet delivery ratio in simulations where we
neighbor with a higher temperature. If there is any neighb8f!oW Poth protocols to convergence to their final state but
with a larger temperature, the traffic is now forwarded to tHg€fine random edges in the graphs fasi | ed, meaning
neighbor with the highest temperature among them. Otherwidat N0 packet can be forwarded over those particular links.
the packets for this destination cannot further proceeditdsy " Wiréless networks, such link failures could for example
the destination and should be temporarily cached until tR&iS€ from short-term fading effects resulting in tempgprar

protocol has managed to update the topology change, Lg]availablg Iinks._O_r in mobile networks, some nodes might
dropped if the cache is full before an update has occurred.MOVe causing individual links to break when two nodes move
outside communication range before the routing protoca wa

V. EVALUATION able capture the failure and update it. Using this approaeh,

] ) ] are able to see how well each algorithm manages to handle
~ This section examines the performance of the FDMR rouzoken or temporarily unavailable links at intermediatep ho
ing algorithm. when links along the least cost paths are unavailable.

We plot a representative snapshot of our simulation results
in Figure 8 and 9. These particular simulations were obthine

We assess the benefit of link-diversity routing by comparirfgom random graphs generated with a square side length of
the performance of the FDMR algorithm with the traditiona®500 meters and a threshold range of 250 meters. As commu-
DSDV routing protocol that uses the minimum hop-coumnication model, we chose randomly selected vertices acting
metric. Since our implementation of the FDMR algorithmas source nodes and sending packets to randomly selected
relies on the DSDV protocol to establish the temperaturddiel vertices acting as destination nodes. Figure 8 shows thudt res
it allows for a fair comparison where the control messagesing a graph size of 400 vertices. The x-axis represents the
overhead is identical for both protocols. ratio of edges which we defined fai | ed after convergence

The only difference between the FDMR-enhanced and tbéboth algorithms. A value of 0.1 means that 10 percent of the
traditional DSDV protocol lays in the way how the costs artotal edges aréai | ed. As we can see, the FDMR algorithm
calculated based on the periodic update information redeivachieves a much higher packet delivery probability than the
from their direct neighbors. In the FDMR approach, eaaminimum hop-count based algorithm as the ratid af | ed
node uses the arithmetic average of the cost of its neighbadges increases. To capture the effect of the network gearsit
whereas in the minimum hop-count approach, each notigs metric, Figure 9 shows the result for the same simuiatio

A. Experimental Methodology
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Fig. 9. Robustness: Packet delivery probability versusfiaetion of failed  Fig. 11. Convergence: number of iterations required untith js established
edges in a graph of 200 vertices. between a source and a destination versus the distanceeretive source
and the destination.

but with a graph size of 200 nodes instead of 400 nodes. With
a smaller graph size, both algorithms achieve a lower dglivebetween those values, we measure convergence of this protoc
probability. However, the difference between the two carge by evaluating the gradient at all the links and determining
smaller than before as the ratio bhi | ed edges increases.when the direction of these gradients no longer changes.
This is due to the fact that a less dense graph has fewer edgeg/ith this definition, the convergence time is given in Figure
and inherently a smaller link diversity towards the dedioxa 10. On the vertical axis, we plot the number of iterations
Therefore, we can expect the most benefits of link-diversitjefined as the number of required periodic update intervals.
routing in rather dense networks. The horizontal axis represents the path length between a
2) Convergence:Another important metric is the conver-source node and a destination node. Note that the results
gence time of the algorithms. So far, our simulations did nare from simulations using the same parameters as preyiousl
account for this metric since we performed them assumirig treand a graph size of 400 nodes. At a first glance, this result
the algorithms had totally converged. In a first attempt targu appears quite discouraging since the convergence timeeof th
tify the algorithms’ convergence, we define the convergenE®MR algorithm is almost three power orders higher than
time as the number of periodic update intervals requirethfrothe minimum hop-count algorithm. However, recall that this
scratch to achieve a routing state which no longer changescahvergence definition requires that the routing state ngdo
any network nodes as further updates are sent. Since with th@nges at any node in the graph. If alternatively, we censid
FDMR algorithm, routing is not affected by the absolute nodes convergence metric the number of update intervals rdjuir
temperature values but rather the differences (or graslienfior a route to be available between a source and a destination
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Fig. 12. Robustness after limited convergence (400 vejtitésk-diversity Fig. 13. Path stretch: Traveled path length of data paclertsug the distance
routing still achieves a higher packet delivery probapittan the minimum of the sending node to the destination.
hop-count approach.

comes at the cost of extremely long paths and thus also high
node, the picture changes completely as can be seen in Fig§very delays. In Figure 13, we plot the traveled path teng
11. In this figure, we show the number of required updatsf data packets (on the vertical axis) versus the shortestge
intervals (on the y-axis) versus the source-destinatistadte destination distance (on the horizontal axis) for the same
(on the x-axis) until a path is established between the goukenario as considered in Figure 8 but without &my | ed
and the destination. With this different convergence d&finj Jinks. The minimum hop-count algorithm represents a linear
both algorithms converge at a time which is directly propogurve as it always delivers packets over the shortest path. O
tional to the source-destination distance. ThereforeFDEIR  the other hand, the paths chosen by the FDMR algorithm are
algorithm converges across the direct path to the destimas only marginally longer than the shortest distance. Thus, th
quickly as the minimum hop-count algorithm and only regsiireFDMR algorithm significantly increases the packet delivery
longer to converge at the nodes which are away from it.  probability without significantly increasing the averagavt

Since the FDMR algorithm requires a very large amouried path length.

of iterations to completely converge but manages to find a i i
path to the destination in the same linear amount of time &s Simulations of Mobile Networks
the minimum-hop count algorithm, the remaining question is In the following, we study the performance of the FDMR
whether the FDMR algorithm still achieves higher deliverglgorithm in a more realistic context using the Glomosim
probabilities for a number of iterations in the order of th&imulator [32]. We consider the performance in a city-wide
source-destination distance. To answer this question,ewe @ad hoc network in which the nodes are mobile and com-
peated the robustness simulations presented earlier dut miiunicating over WLAN. These types of networks could be
not use a converged routing state. Rather, we limited théed for many different purposes in the area of urban inter-
number of iterations for both algorithms to a value whickehicle communication or person-to-person communication
was identical to the source-destination distance. TheltresQur simulation setup and assumptions are described next.
for a graph size of 400 nodes is plotted in Figure 12. The 1) Simulation Setup:We used a IEEE 802.11b network
delivery probability for the minimum hop-count algorithmwith a capacity oft1 Mbps and a nominal wireless range of
remains almost the same and decreases slightly fasterdor 2h0 meters. As MAC protocol, we used the 802.11 DFWMAC-
FDMR algorithm than in Figure 8. Still, there is a significanPCF W/RTS/CTS and as propagation model two-ray ground.
difference between the FDMR and the minimum hop-couftue to the large network sizes we use, we were unable to
algorithm. This result shows that even with a small numbé&imulate the effect of intermediate buildings.
of iterations, the FDMR routing algorithm manages to exploi We used two different mobility models: the steady-state
well the link-diversity and increase the routing robustmes random trip mobility model [15] on a network of streets and
slightly simplified explanation for this result is that teeare the random waypoint mobility model [1%]In both models,
multiple link-disjoint but not necessarily node disjoirticst the nodes move with constant speeds and without pausing
paths between the source and the destination and that th@gea square of side length 10km by 10km. However, in the
converge equally fast. random trip mobility model, nodes move on vectorized maps

3) Path Stretch: Finally, it is also worth considering the
) Y 9 3The random waypoint mobility model has shown to have non-désir

path stretch induced by Iink-diversity rOUting' Itis foraemple behavior [4] when not well parameterized. We follow the giifes as
not desirable to increase the packet delivery probabiffitiy i proposed in [23] to avoid such effects.
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which we extracted from a geographic information system
(GIS). The vectorized map of a city center for which we 70 |
present our results in this paper is shown in Fig. 14. In g 4 |
the random waypoint mobility model, the nodes move from g 5, |
randomly chosen waypoint in the square to another waypoints ,,
on a straight line. The random waypoint model is far less 8 30 4
realistic but included as a reference because it is ofted use‘!“.j, 20 | \
in the literature. We differentiate two concrete scenarlos ¢
the pedestrian scenario, nodes move with a speed uniformly* 0
distributed in the rangfl — 4]m/s. In the car scenario, nodes static pedestrian
move with speeds in the rand&0 — 20] m/s. These speeds Scenario
corresponds to typical pedestrian and car speeds in a typica. 15. Street mobility model: Performance comparison of DSDithw
city. traditional minimum hop-count and with link diversity.
As traffic model, we send constant bit rate traffic from
randomly chosen source nodes to randomly chosen desﬁnaﬁg}ger when the node degree increases.
nodes. All packets are 1024 bytes long. All simulations f&ve The simulation results from the random waypoint model are
duration of at leas10000 seconds and are always an averag&yen in Figure 16. The trends we observe with this model are
over at least 20 runs with different random seeds. ~ the same as with the previous mobility model. Overall, the
2) Results: The performance results for nodes movingaciet delivery ratio is slightly better with this model. ©af
along the streets of a large city are shown in Figure 15. {Re main reason is that the node distribution is not uniform.
the upper figure10000 nodes are used resulting in an averagQodes tend to concentrate around the center of the square
node degree of approximately 11. In the lower figui€)0 14) As a result, the average path length is smaller than with

nodes are used, leading to an average node degree of ga-previous mobility model, and on average, paths break les
In both settings, 500 nodes are active traffic sources out fPéquentIy.

which approximately two third are sending simultaneously o

average over the simulation time. As a reference, we also plo V. RELATED WORK

the packet delivery ratio when the nodes are not movingi¢stat Traditional routing protocols for mobile ad hoc networks

scenario). As we can see, the ratio in the static scenariotypically optimize strictly for a metric like the number obps

close t0100% which means that most packet losses occur [26], [18], [27], [8], [13], the link quality [28], [10], [1] or

the mobile scenarios because of the mobility of the nodes aihe expected throughput [9].

not due to other effects like congestion or interference. The authors of [5], [19], [16], [7] exploit the link divergit
We conclude that the packet delivery ratio is clearly betn multi-hop routing to cope with lossy links and fading

ter with FDMR compared to minimum hop-count routingeffects. These proposed techniques integrate MAC-laydr an

Another interesting observation is that the performancea wirouting techniques by broadcasting (or anycasting) packet

minimum hop-count does not significantly gets better as the all nodes in transmission range and letting those decide

node node density increases. This is different for the FDMRhether to further forward the packet or not. These appresch

algorithm. With our algorithm, the performance gets bettere complementary to our routing algorithm since they could

as the average node degree increases. This is becausepthfit from routing over paths with a high link diversity and

FDMR algorithm exploits the link-diversity which becomessice versa.

livery Ratio [%]

10 -

car



Random Waypoint / Node Degre 11

i : . knowledge, we are the first to exploit the properties of fields
\ Link-diversity Routing == Shortest Path Routlng\

100 - in terms of link diversity.
2 90 -
% 80 | VI. CONCLUSIONS
:_% 70 This paper presents link-diversity routing, a robust nogiti
= 60 7 paradigm for mobile ad hoc networks. Link diversity routing
% 50 increases the path resilience by choosing a packet's raute s
5 407 that the amount of outgoing links at each hop is maximized.
T 301 Therefore, the selected hops have often multiple forwardin
g 20 opportunities and can better cope with individual link fail
:% 10 4 ures caused by mobility and fading than traditional routing
0 schemes.
static Pedestrian car We show that by modelling the destination as a heat source
Random Waypoint / Node Degre 5.5 and routing along the steepest gradient of the temperature
100 - [~ Link-diversity Routing == Shortest Path Routing] field created'by this'source, link-diversity routing can pe
< implemented in a distributed and loop-free manner. We pievi
5 the FDMR algorithm which enable to calculate the tempeeatur
E 807 of a node in the network based only on the temperature of its
> 707 direct neighbors.
= 807 Using simulations with static random graphs and
S 501 Glomosim-based network simulations with node mobility,
5 0] we show that link-diversity routing increases the end+d-e
5 0 packet delivery ratio compared to traditional minimum
g 207 hop-count routing by a factor of up to four (when nodes are
z 107 moving at car speeds in a city). This improvement is achieved
0 i e without significantly increasing the average path lengtd an
statie evenar, car with the same control message overhead.
Fig. 16. Random waypoint mobility model: Performance comparisb
DSDV with traditional minimum hop-count and with link divetgi REFERENCES
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