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In traditional routing, the routing tables store shortest paths to all other destinations and have size linear
in the size of the network, which is not scalable for resource constrained networks such as wireless sensor
networks. In this paper we show that by storing selectively a much smaller set of routing paths in the routing
tables one can get low-stretch, compact routing schemes.

Our routing scheme includes an approximate distance oracle with which one can obtain approximate
shortest path length estimates to destinations. This distance oracle can be obtained, for example, by a
landmark based scheme, or in case of sensor networks, from the geographic distance between node locations.
With an approximate distance oracle one can attempt greedy routing by forwarding to the neighbor whose
estimate is closer to the destination. But there is no guarantee of delivery nor of the routing path length. We
augment the distance oracle by storing, for each node u, routing paths to O(log2 n) strategically selected
nodes that serve as intermediate destinations. These nodes are selected with probability proportional to
1/r? where r is the distance to w and p is a suitable constant for the network. Then we derive a set of
sufficient conditions to select the next step at each stage of routing, such that these conditions can be
verified locally and guarantee 1 + € stretch routing on any metric. These conditions serve as the ‘greedy
routing’ or local decision rule.

On graphs of bounded growth, our scheme guarantees 1 + ¢ stretch routing with high probability, with
an average routing table size of O(\/ﬁlog2 n). This scheme is favorable for its simplicity, generality and
blindness to any global state. It demonstrates that global routing properties could emerge from purely
distributed and uncoordinated routing table design.

Categories and Subject Descriptors: C.Zrhputer-Communication Networks]: Network protocols—Routing proto-
cols F.2.2 [Analysis of Algorithms and Problem Complexity]: Nonnumerical Algorithms and Problemsseometrical
problems and computations

General Terms: Algorithms, Design, Theory
Additional Key Words and Phrases: Sensor Networks, Smagdt@t Routing, Spatial Distribution

1. INTRODUCTION

Scalable routing is one of the most challenging problemsstriduted network design — consid-
erations include compact storage, efficient propagatidopdlogy update, and most importantly,
distributed and uncoordinate decisions to enable gloleédige to optimal routing properties.
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Consider the most basic routing table approach. Each nasleske routing table entry for each
possible destination. Following the routing table one cansfportest path routing. But the size of
the routing table is linear in the size of the network and ttieeme is not scalable to large networks.

Internet routing adopts the basic routing table approachabhieves scalability through sub-
network partitioning hierarchy and address aggregatidth, @ne routing table entry representing
routing information to many IP addresses in a subnetwordkpanverful switches to quickly classify
and deliver packets. For resource constrained wirelessswskd in sensor networks, scalable rout-
ing requires even more aggressive methods to produce congpiiog information, and innovative
ways to exploit the special properties of such networks.

Large-scale wireless sensor networks have a lot of spatiaitares — they are closely related
with the underlying geometric domain in which they are entst] in terms of node distribution
and the strong correlation of graph connectivity and nodiprity. Various properties of the ge-
ographical embedding of the nodes have been exploited fopeot routing in a sensor network
— mostly in an explicit manner, as the geographical locatiosed in geographical routing fam-
ilies [Bose et al. 2001; Karp and Kung 2000; Kuhn et al. 2008]as in many virtual coordinate
system design [Fang et al. 2005; Bruck et al. 2007] that abtistithe global geometric/topological
properties of the embedding.

1.1. Overview

In this paper we use some implicit geometric properties ofraless sensor network for routing,
and store selective routing paths in the routing tabledh shat the average routing table size is
small, the path stretch is close to optimal (the ratio to thertest path is 1#for any givens > 0),
and both the preprocessing and the routing can be achievédmpdes making decisions on their
own, blind to any global state.

Our solution has two components: approximate distance orachnd a set cAugmented routing
paths We describe the two components separately.

Approximate distance oracle. An approximate distance oracle gives an estimation of thetest
path length (i.e., minimum hop count) between any two notlkat is, for node® andq at a true
distance ofo(p, ¢) in the metric, the estimaté(p, q) supplied by the oracle satisfies the relation
01 -d(p,q) < o(p,q) < ds - d(p, q) for some constant andds.

First we remark that if we are given @ccuratedistance oracle that returns the hop distance of
any two nodes in the network, then greedily selecting the hep as the neighbor with smallest
distance to the destination will guarantee delivery alosartest path. Of course, the construction,
maintenance and compact representation of an accuraéacisoracle is not easy in a distributed
setting. As shown in [Thorup and Zwick 2001a], accurateatiisé oracle would require abdugn )
storage per node. An approximate distance oracle is easdatain. In many cases, some approxi-
mate distance estimation is readily available. For exantipiegeographical distance is often a good
approximation to the minimum hop count distance in the neétwi/e will show later that for a
sensor network with near uniform node distribution and winennetwork holes are ‘fat’ the Eu-
clidean distance is a good approximate distance oraclee Matt this assumption makes no unit
disk graph requirement on the wireless radio communicatiodel and allows localization errors
as well. When node location information is not availables can show that with randomly selected
nodes as landmarks and using merely triangle inequalityherhbp count distances from source
and destination to these landmarks (as shown in [Kleinbead} 004]) one can get a fairly good
approximate distance oracle as well. Both implementatiegsire only information of the source
node and the destination.

With only an approximate oracle we can still try a greedy irgmethod — forward the message
to the neighbor whose approximate distance to the desim&tm the oracle is smaller — but there
is no guarantee that such a neighbor can be found. Indesds thie major problem that geographi-

1We define a hole to bfat if any two nodes on the boundary of a hole has its hop courantist to be at most a constant
factor of the Euclidean distance. For example, a squaré, isdaan arbitrarily thin rectangle is not
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cal greedy forwarding can get stuck at a local minimum. Thesieed our second componentin the
routing scheme that complements the approximate distaaogeowhich is our main contribution.

Augmented routing paths. With an approximate distance oracle, the solution we prepego
store routing paths between some pairs of nodes that arenma¢diate neighbors. We call these
pathslong links In particular, for some selected pairv a routeP(u, v) betweenu, v, is recorded
implicitly in the routing table entries of nodes on the raéhen a node wants to send a message
to a nodey, it also considers the nodes to whigthas long links — these act as a generalization
of the neighbor set in the network. The routing informatitored on the pathP(p, x) is used to
deliver the message ta Nodex then repeats an identical procedure to advance the medéage.
the question is, what long links should each node build andtwahe the forwarding regions, such
that the routing table size is small, the path stretch is &owd delivery rate is high?

Our main theoretical results are the following. Given anragjmate oracle for a general metric
space, we come up with a simple local rule such that the ssadep can decide which long link
neighbor is good for forwarding the message. All such nodesanveniently characterized by the
forwarding region(see Fig. 1), from whichp selects the long link neighbor in the pathgoNext
we show a randomized method for building the long links ardrésultant routing tables. This will
guarantee that long links satisfying the required condgjdor any potential destination, exist with
a high probability. In particular, each node selects itglbnks with a spatial distribution. A node
pwould select a long link partnerwith probability proportional td /d(p, ¢)?, whered(p, q) is the
approximate distance betwegny returned by the oracle. The number of long links for each node
is O(log® n) with the constant depending on the stretch requirerhent and the distance oracle
error boundsy, d-.

This distribution guarantees that on a graph of bounded throate, we will have long links sat-
isfying the required conditions to perform low stretch ingtwith high probability. A graph has
bounded growth rate if the number of nodes withim hops from any node in the network is
bounded by r? andcar” from below and above respectively, with two constants< c¢,. This
model has been used to capture any physical constraintsligetow too many nodes ‘packed’
within certain distance and the graph has a bounded polyalgrowth pattern instead of an ex-
ponential growth pattern (e.g., a balanced binary treejs Kimd of geometric growth has been
observed in many different scenarios such as VLSI designdéhay metric on the Internet overlay
networks, and in our setting, wireless sensor networks.W#emsor nodes are roughly uniformly
deployed in a geometric region with bounded density per amgi&& and when the network is not
too much fragmented by deployment holes, the graph grovighisaypically 2. It is this packing
property that allows us to aggressively compress the rguiéible entries by a simple routing table
neighbor selection rule dominated by a spatial distributio

We also report simulation evaluations of this approach ier@ser network setting, to comple-
ment the theoretical analysis. For a connectivity netwonklich geographical greedy routing only
achieves a delivery rate of 50% or so, with about 7 long linksode, we are able to achieve a
delivery rate of 99% or higher. The routing table constiutitan be implemented in a completely
distributed manner. Each node simply chooses its resgelcting links by sampling geographical
locations under the spatial distribution, rounded to thdesoclosest to the sampled locations, as
in [Sarkar et al. 2007]. The routing table information foesle long links is constructed in a boot-
strapping manner, with the routes for nearby pairs contdfirst and the routes for far away pairs
constructed by using the routing tables already constiustefar, in the same manner as regular
routing requests.

We have a second implementation using landmark-baseagptatishow the power of the spatial
distribution in routing table design. In particular, weeselO(log” n) landmarks that flood the en-
tire network and each node records the landmark distanderv@te approximate distance oracle

2If the density in a region becomes too high, it is easy to eluseighboring nodes and operate on clusterheads so that the
density of clusterheads is bounded by a constant.
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is implemented by the centered virtual distance as propwsgeang et al. 2005], which only re-
quires the landmark distance vector of two nodes. We setettt@paths to the landmarks long link
neighbors to help improve the delivery rate. This impleragah will involve some preprocessing
of flooding the network from the landmarks but the routinghgatf the long links are implicitly
contained in the landmark distances. Thus the routing tsizke is improved ta)(log* ), com-

pared withO(n'/? log? n) when the routes have to be explicitly stored on the nodesegpéths f
is the growth rate — a constant similar to dimension of thevagk).

In summary, the augmentation of long links with spatialriisttion to getl + ¢ stretch routing
on an approximate distance oracle is favorable for its duitpl generality and ‘blindness’ to any
global state. Global routing properties emerge from pudiyributed and uncoordinated routing
table design.

2. RELATED WORK

In this section we survey related work in compact routing establish their connection to our
results.

Spatial distribution in routing. The spatial distribution in selecting the long links in owper
coincides with the small-world model and decentralized&earoposed by Kleinberg [Kleinberg
2000b; 2000a] to model Stanley Milgram’s famous experinjtilgram 1967; Travers and Mil-
gram 1969] on the small-world phenomena in social netwdrks. setup in the small world model
is the following. Given a 2D grid (possibly of infinite sizedach node chooses a long link with
probability1/r? wherer is the length of the long link. Together with the four neighdbper node on
the grid, a greedy routing with the location of the destimatian be achieved with(log” ) jumps
(on either short links between neighbors on the grid or thg links constructed) with high proba-
bility. Notice that in this setting an accurate distancectias actually available and greedy routing
on the original grid suffices to deliver the message alongliwetest paths on the grid. In the small
world literature people care most about adding extra lonkslito create short paths between any
two nodes. In our setting the long links are realized as patktse original network. Nevertheless,
our results show that if each node chooé¥$og n) long links, a slightly more sophisticated but
distributed routing scheme with long links hé&glog n) jumps, and also a total travel distance at
most1 + ¢ of the distance between source and destination on the grid.

The spatial distribution has been explored in a number ofrottata delivery and information
dissemination scenarios in sensor networks, e.g., fomadding communication wires to reduce
power consumption [Sharma and Mazumdar 2005], for gosdipl@sality-sensitive information
exchange [Kempe et al. 2001; Sarkar et al. 2007], for dataetglusing mobile nodes [Wu and
Yang 2008].

Small staterouting in sensor networks. To deal with the problem of local minimum in geograph-
ical forwarding, various techniques have been proposedli® she problem of ‘routing around
holes’. Earlier proposals assume unit disk graph model ecdimmunication network and propose
to planarize the network and apply face routing [Bose et@)12 Karp and Kung 2000; Kuhn et al.
2003]. Such planarization unfortunately fails badly ingiige due to complex radio characteris-
tics [Kim et al. 2005]. Improvement of the planarization gees may selectively remove crossing
edges [Govindan et al. 2006], or use a generalized facewgati graphs with crossing edges [Zhang
et al. 2007], or planarize an abstracted graph to filter ceitdbal connectivity irregularity [Funke
and Milosavljevi¢ 2007]. Alternatively, one may also diegevirtual coordinates to support greedy
routing [Rao et al. 2003; Newsome and Song 2003; Fonesca20@h; Nguyen et al. 2007; Fang
etal. 2005; Bruck et al. 2007]. Most of them do not guarantegisstretch routing and often require
preprocessing to first discover and understand the netwpidgies.

We explain two protocols in more details as they are moreasleand compare with our scheme.
In virtual ring routing (VRR) [Caesar et al. 2006], proposgdCaesakt al, the nodes are ordered
by their node IDs (or any other identifiers) on a ring and thiag&or nearby nodes on the ring are
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stored in the routing tables of the nodes on these pathscé\thtat nearby nodes on the ring may be
far away in the communication network. When a packet is wbtdea destination, it is delivered by
using the local routing table to the next hop on the pre-constd path leading to a node closest to
the destination in the ID space. VRR can be understood adibgilong links connecting nodes with
adjacent IDs, which can be arbitrarily far apart in the nekvd@he routing table size is roughly in
the order ofO(y/n) in a uniform and dense network. And there is no guaranteeepath stretch.
The small state and small stretch (S4) routing by Maal.[Mao et al. 2007] adopted the idea of
compact routing schemes by Thorup and Zwick [Thorup and K®&@01a; 2001b]. The basic idea
is to select abou©(y/n) landmarks. These landmarks flood the network and other nedesd
the hop count distance to these landmarks. In addition, @ paso maintains routing table en-
tries to the nodes that are closergtohan their closest landmarks. The routing table size is abou
O(y/n) and a greedy routing scheme is guaranteed to deliver theage$s the destination with
maximum stretch 08. By exploiting the geometric properties of the sensor nétvaeployment,
we are able to gett + ¢ stretch and reduce both the number of landmarks and thengptatible size
to polylogarithmic in the network size.

Compact routing in general. From a theoretical aspect, compact routing that minimizesauting
table size while achieving low stretch routing has beenistliéxtensively [Peleg 2000]. There
are two popular models in the literature, fbeled routing modehindname-independent routing
In the labeled routing model [Cowen 1999; Eilam et al. 2008¢imip and Zwick 2001b], one is
allowed to produce for each node a label (typically of padyddthmic size) such that routing is
done with the labels of the source and destination. In theeniaghependent model [Abraham and
Malkhi 2005; Konjevod et al. 2006], the nodes are given gien@s that are independent of the
routing scheme. Thus routing is inherently more difficultlas routing scheme needs to also find
out where the node is. To understand this in the case of semsoork routing, name-independent
routing works directly on the node IDs (such as in the virtiagl routing scheme). If we use
geographical locations or any other virtual coordinateshscoordinates are the ‘labels’ and to
complete the solution one needs to also employ a locatiaicgefas in [Li et al. 2000]) that maps
node IDs to their geographical locations or virtual cooad@s. Put in this perspective, our scheme
stays in between the labeled model and the name-indeperaigintg model. We have a label of
the nodes (such as the geographical locations) naturaliyhke labels only give imperfect distance
information and do not guarantee delivery.

Generally speaking, the theoretical results in compadingin a graph whose shortest path met-
ric has a constant doubling dimension are able to obtait palylogarithmic routing table size,
1+¢ stretch routing in the labeled routing scheme (see [Chaln20@5] and many others in the ref-
erence therein), and constant stretch factor routing im#mee-independent routing scheme [Kon-
jevod et al. 2006; Abraham et al. 2006] (getting a stretckofaaf 3 — « will require linear routing
table size [Abraham et al. 2006]). The results here are alirakzed constructions and aim to get
the best asymptotic bounds. Our focus in this paper is omaipie for distributed implementation
at each node and its practical implementation in the scewdad-hoc sensor network routing.

There has been a lot of work on constructing overlay graphsooies staying in a metric space
(to name a few, as in [Plaxton et al. 1997; Abraham et al. 2004¢ do not survey those work in
detail as in our case we are not given the perfect knowledgfeeaietric and we can not construct
communication links between any nodes.

3. SMALL STRETCH ROUTING WITH APPROXIMATE DISTANCES

In this section we describe the idea of routing with- ¢ stretch in a suitable metric spadd. We
used(p, q) to represent the estimate of distance betweandq supplied by the approximate oracle
O, ando(p, ¢) to denote the true but possibly unknown graph distance (baptdistance) inM.
We assume that a node is able to get the approximate distépcg) from just the names agf, g.
The implementation of this distance oracle is elaboratedlater section. Here we show that when
the long links are carefully chosen the routing stretchvg lo
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Routing with accurate distance oracle. To demonstrate the basic concept, we first consider the
case in which the oracle is in fact accurate, thatlis; o. The objective is to recursively build a
route froms to ¢ with the help of the long links. Supposéakes a long link to nodg, then we want
o(s,p) + o(p,t) to be not very large compareddds, ¢):

o(s,p) +o(p,t) <v-o(s,t), 1)

Wherey > 1 is a parameter depending enObserve that inequality (1) defines an ellipseRih
with s andt at foci. Now we impose an additional restriction that moviram s to p implies a
certain progress in direction of In particularp is closer ta: by a factor of at leadt < 5 < 1:

o(p,t) < B-o(s,t). (2)

This describes a disk centered at
Next, we selecty and 3 such that the selection procedure enforced by inequalitipand (2)
when applied recursively, produces a path of stretch at mest:

R(s,t) < (14¢)-0(s,t), (3)

whereR gives the length of the path created recursively.
A forwarding regionF. (s, t) is a set of point® in M from which s can selecp satisfying the
above relations. The following lemma gives a detailed dpson:

LEMMA 3.1. Values ofy andg satisfyingy + €5 < 1 + ¢ constitute the forwarding region,
with the equality corresponding to the region boundary.

PrROOFE Given that in the route from to ¢, the first long link is to a nodg, the total length of
the recursive pattR(q,t) = o(q,p) + R(p,t). Let us assume that routes have already been built
such thatR(p,t) < (1 + &)o(p,t). Then we have:

R(q,t) <o(q,p)+ R(p,1)
<o(g,p)+(1+¢e) opt)
< o(g,p) +o(p,t) +eo(p,t)
< vo(gq,t) +eBo(g,t).

Whenvy+¢8 < 1+¢, the right hand side is no greater thdn+-<) - o (g, t). An inductive application
of this argument shows @ + ¢) stretch for any routé(s,t). O

Itis easy to see thatmust lie in the intervall, %] for a givene. For each value of, we have
aregionH, .(s,t) € M which is the intersection of the ellipse bounded region &ediisk. Thus,

formally, the forwarding region is the unio# (s, t) = U, H, (s, t). See Figure 1.

Routing with approximate distance oracle. Now we look at the case in which the oracle supplies
an approximate measure of the distance, WithndJ, as the lower and upper bounds:, ¢ € M,
01d(p,q) < o(p,q) < d2d(p, q). Then, allowing for approximation error, it would be suféint to
guarantee the following inequalities (corresponding tatiens (1)-(2) respectively,):

b2d(s.p) + B2d(p, 1) < 751(s, ) @
52d(p, t) S ﬂ51d(5, t)

It can be verified that a sufficient relation betwegr$ ande is again given by the same inequality
as lemma 3.1. And we can obtain again tRas, t) < (1 +¢)o (s, t).

As long as a node has a long lipkin the forwarding region, the routing idea described above
guarantees low stretch for any metric.

Routing M echanism. The analysis above suggests a natural routing scheme. Bdelsalects long
links such that it has either an immediate neighbor or a lamgtb the forwarding region of any
destination, and keeps corresponding routing table enffiee routes to the long link neighbors are
stored on the routing table of the nodes on the path. Wheneadloak a message to be delivered to a
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destinationt, s will check its routing table to find a node(eithers’s 1-hop neighbor os’s long link
neighbor,) such thai lies in the forwarding regiod. (s, t). Nodep on receiving the message will
execute an identical procedure to forward the messageiriio ¢) and so on. Efficient randomized
construction of the routing table is shown in next section.

3.1. (1 4 e)-stretch forwarding region

Geometric setting. We first discuss the case of the Euclidean pRigwhich provides intuition
about the metric properties of the method. W.l.0.g. thedimaites ofs andt, separated by a distance
r,are(—r/2,0) and(r/2,0) respectively. We examine the forwarding region to seleeidhg link
neighborp to realize al + ¢ stretch path ta.

With an accurate distance oracle, the relation (1) defin®3 ia region whose boundary is given
by an ellipse:

42 n 42
722 (2 - 1)

And (2) defines a disk whose boundary is given by a circle:
N2 o, (+e—9)7,
(x a 5) Ty = g2 "

As gamma is varied, the locus of intersection of these tweeasitraces out the boundary of the
forwarding regionf. (s, t) (see Fig. 1 (i)).

=1

Fig. 1. (i) BoundaryiofFE as intersection of ellipses and circles. (ii) Forwardingioes for different values
of e from 0.2 to 2. (iii) Forwarding regions for different values effrom 0.2 to 2 for approximate oracle.

For any pointg on the boundary of’. (s, t), the angles/qst andZqts are functions ofy ande
only, and are independentafThis implies that the shape of the forwarding region iseaalariant,
i.e.,itdoes not depend on the distance between source atidat®n. Figure 1 (ii) shows the shapes
of forwarding regions for different values ef Smaller values of create smaller and narrower
forwarding regions.

With an approximate distance oracle, the correspondiiggelland circle equations are given by:

62 4x? n 49
2.
62 ~2r2 2 (%72 _ 1)

7\ 2 2 51 1+€—’}/ 2
s v (2

The corresponding forwarding regions are shown in Fig.iL @bserve that in this case the for-
warding regions are smaller and soukces not in the forwarding region. This is due inaccurate
distance estimates and necessitates the ukmgflinks- without which s cannot access the for-
warding region.

=1
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The graph setting. The geometric intuition needs to be realized in an ad hocosemstwork
setting. In the literature, there have been a number of nsddelgraphs that have some geometric
growth features. In the following description we focus onuantirected unweighted graph and
we denote byV,.(p) the set of nodes withim hops fromp. A graph is said to havé-expansion
rateif |Na-(p)| < A|N,(p)|, for anyp, r [Karger and Ruhl 2002; Abraham and Malkhi 2005]. A
graph is said to havdoubling dimension\ if any ball of radius2r can be covered by at moat
balls of radius" [Gupta et al. 2003]. A graph is said to haveunded growth rate\ if |V,.(p)| =
O(r®) [Linial et al. 1995]. All three models try to capture that tinetric growth is restrictive. For
example, a binary tree does not satisfy any of the definitidmoye.

In this section, we use the concept of a finite graph and amentis metric space interchangeably
for ease of description, but the results hold for any meparce that fits the model. A graph metric
refers to the shortest path metric.

In a sensor network setting, we use the (upper and lower)denigrowth rate model, as it follows
immediately from a bounded density deployment. For examplee place at most a constant
number of sensor nodes inside any unit disk and the holeseirse¢hsor networks are not very
fragmenting, the number of nodeskahops from a node will be around® (k).

Formally, we consider a graph such that the number of nodasditance exactly from p,
represented byoN,.(p)| is bounded byON,.(p)| = O(pr~1). This is equivalent tdN,.(p)| =
O(r?). Note that the diameteP of such a graph is bounded I6y(n'/*). We have the following
quick observation.

LEMMA 3.2. Given an unweighted grap with |N,.(p)| = ©(r?), the graph has a doubling
dimensiom = O(p).

PROOF Consider a balBs,(p), we use a greedy algorithm to select balls of radius cover
it. In particular, we select a nodgin Bs,-(p) that is not yet covered, and cover all nodeBi(q).
Iterate until all nodes are covered. Now we bound how manig lzak selected (denote this set
as Q). To see that, we take the selected noges @ and the ballsB, /;(q). First they do not
overlap as any two nodes @ are of distance at leagtaway. Thus by a volume argument we have

QI < [Nay (p)]/ min(|N, j2(9)]) = O(£H5) = 0(47). O

LEmMMA 3.3. In a metric space with doubling dimensigna ball of radiusRk can be covered
with O(c") balls of radiusR/c.

PrROOF A ball of radiusR can be covered witB" balls of radiusk/2. We recursively cover
each such ball with balls of half the radius, until the sizealfs used falls belowR/c. The resultant
number of balls i27%, wherek = [log c]. This is equivalent t®(c"). O

We now show the presence of a sizeable forwarding regiondchn & graph, when one routes
from s to ¢:

LEMMA 3.4. Thereis a ball of radiu% (231) r that lies insider. (s, t).

PROOF Consider a poing on the shortest path betweemndt¢ separated by(s, t) = r. Now,
we take a ball of radius = g—; (”T_l) r centered aj. One can verify that all the points inside the ball
Ny (q) are insidel. (s, t), as they satisfy the inequalities (4). In particular, foy aointp € N (q),
d(s,p) < d(s,q) + h, d(p,t) < d(q,t) + h. Now we can verify that(d(s,p) + d(p,t)) <
62(7‘ + 2h) < 61’}/7‘. Also 62d(p, t) < 62((1((], t) + h) < 51ﬁ7‘ < (1%777) .

This ball is inside a neighborhood &fr — g—; (HET‘” — (v — 1)) r from s. The number of nodes

inside this ballis at least ( (% (*31)r)"). O

1
2 2
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This lower bound on the size of forwarding region suggesis &mong long links chosen ran-
domly according to a spatial distribution, at least onekslii to lie in the forwarding region with
high probability. The next subsection shows that this igédithe case.

4. ROUTING TABLE CONSTRUCTION BY SPATIAL DISTRIBUTION

To build the routing table, we use a spatial distribution ioécted links. In particular, for nodes
andq separated by a distancethe probability of a directed linkq being built is proportional to
1/r?. The rest of this section analyzes random selection of lovks ito make sure there is a long
link in the forwarding region for every possible destinati@ombined with the recursive routing in
the beginning of this section, the existence of such linkergnteel + ¢ stretch routing.

The analysis below uses essentially balls and bins prabtbinalysis. When a long link is
picked randomly with the spatial distribution, we have tbkofving lemma.

LEMMA 4.1. Foranyp > 1, alink fromp lies in the annulusV,.(p) — N, (p) with probability
o ().

PROOF Suppose” is the normalizing factor of the probability distributioarfthe given net-
work. This meansC' le L|ON,(p)|dr = 1. IntegratingC' = © (L)

plnn /°

The probability that a given link lies in an annuld$ (p) — N,./,,(p) is given by

"1
Pr(r/p,r) = C [ @
T/

Note that this probability is independentiof O

B Inp
onep)las = (122,

2
£

THEOREM 4.2. From each node it is sufficient to seldct O (( )O(p) In? n) links, to guar-

antee a link in the forwarding region for any destinationiwrobability at leastl — 1/n2.

ProOOF Consider the forwarding regiof. (s, ), with d(s,t) = ¢. We choose a valid value
~v. By lemma 3.4, there is a balB, of radiush’ = g—é%lé within a distance ofr = &5/ —

S (2 — (v — 1)) L from s,

Choosey’ such thatBy, lies in the annulusV,.(s) — N,.;,/(s). This implies that’ = —5.
Substituting, and simplifying, we hayé = Q(1+¢). To show that a link lies imB},/, it is sufficient
to show that it lies in a smaller balB, C By, which is defined below. I > r/4 we assign
By, = B, 4, andp = 2, whereB, ;, C By, andB, /, C N,(s) — N, 2(s). If h < r/4, we assign:

By, = By andp = p/'. Thus, the width of the annulus,.(s) — N,./,(s) is at most-/2, andu < 2.
Now we show that withk = O ((%)O(p) In? n) links, there is a link taB;, (and hence td3y,)

with high probability. The basic idea is the following. ThenalusN,(s) — N,./,(s) can be covered
by a small number of balls, by the constant doubling dimengimperty. Thus with randomly
selected links, at least one will fall insid#,.

21

By Lemma 3.3, the ballV,.(s) can be covered by at mogt = a yras ! balls of radiush for

some constani. Restricting attention only to links fromto insideN,.(s) — N,,(s), consider a
covering of the annulus with balls of radibsThe ball B, belongs to this set, and each noddsin
is selected by with probability at leastC -1, whereC' = ©(1/(pInn)) is the normalizing factor.

Similarly, every node in the othet — 1 balls is selected with a probability at mcﬁiﬁ.
Thus, given that a link is in the annuld&.(s) — N,./,,(s) the probability that it is InB;, is:

- ) (p—1)"
Pr(Bp|(N:(s) = Npyu(s))) > a@p) 1 (g = 1)
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Combining with the result of lemma 4.1 of the link being in #renulus, we get that the probability
of arandom link taBy, is Pr(By) > (4= ), whereK = O (( ) (”)).

If 2K In?n links are chosen frony, then the probability that none of them lie i, is
(1- Klnn)(Klnn)ann Therefore, the probability that at least one link liesAp is (1 — 1/n?).

ThereforeO(( ) ®) 12 n) links per node suffice to obtain the given probabilityz

The theorem above describes a guarantee for a suitableoliakdrwarding region to exist. In
fact, the detailed proof says that a link exists to a Ball of a radiush’ inside the forwarding region.
However, we still need to prove the existence of a pattigf ) stretch for a given routing request,
that will take us to within a small constant distance of thethation. This is done by showing
the existence of a short sequence of forwarding links. Miessshow, that if the path exists, it only
involves a few long links.

LEMMA 4.3. If a path obtained by appending the long links in the bdlg exists then it
consists o (log n) long links and has a stretch ¢f + ).
PROOF. As in the proof of theorem 4.2, there is a ball, of radiush’ = 4 Y11 which by

lemma 3.4 lies within a distandg == ey & L3’ of t.

Thus, by selecting the long fink to the ba‘Hh/ we take the message to be within a constant
fraction 3’ of the remaining distance to the destination at every stemeShe diameter of the
network isn!/?, this recursive forwarding will reach a constant neighloadhoft usingO(log n)
hops. Given tha3; is selected to be inside the forwarding region for each steppath will have
astretchl +e. O

Now we combine the number of links with the probability of bdiok to get the final result:
THEOREM 4.4. Given a source-destination pair, a path of strefich ¢ exists with probability
atleastl — 1/nif O ((%)O(p) In? n) long links have been created per node.

PROOF Observe that by lemma 4.3 the path consist8@bg ») long links, each of which exists
with probability at least — 1/n2, by theorem 4.2. Combining the two, we get that the path xist
with probability (1 — 1/n2) "™ whichis at least — 1/n. O

And the routing table size is not too large.

THEOREM 4.5. The average routing table size of the scheme is bounded by
(@) ((%)O(p) n/?In? n)
PROOF. The length of a long link is at most the diameter of the nekwerhich is O(n'/?).

Thus a link can contribute at moStn'/?) number of routing tables entries. By theorem 4.2, each
node ofn nodes can ad@ ((f)o(”) In? n) such links to the network. Thus, the average number of

entries, when divided amongnodes, i) ((g)o(”) nl/P1n? n) O

In the case of sensor networks in a plape< 2), for a given stretch, this amounts to a table size
of O (\/ﬁan n) per node. In the next section we describe an implementdiamtrimplicitly stores

the long links with substantially smaller routing tableesinfO(In* n).

5. IMPLEMENTATION IN SENSOR NETWORKS

Here we describe the implementation of the routing tablegas a distributed setting. In particular,
how to implement the approximate distance oracle, how tmsédhe long links with the spatial
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distribution and how to build routes representing the Idngd. We give two different approaches
to implement the distributed routing table, one with thegrephical locations, one with landmarks
and landmark-based distances.

Note that the implementation of approximate distance ersaleally independent of our routing
table design and the implementations can be entirely déedufany method that provides reason-
ably good distance estimate can be used as a distance oracle.

5.1. Geographic routing table design

In this part we describe using the spatial distribution gipfe to augment standard geographical
forwarding with additional routing information to increathe delivery rate.

Approximate distance oracles. As mentioned in the introduction, the geographical logstio
often serve as a good approximate distance oracle to themmmihop count distance metric
on the communication network. To formulate this notion r@esly, we assume that the sensor
field is deployed in an environment wifiat (not necessarily convex) obstacles. That is, for any
two pointsp, ¢ on the boundary of a hole, the geodesic distidnde, ¢) is at mostr times the
Euclidean distancd(p, ¢) for a constant- > 1, as shown in Figure 2. Given this, we can show

Fig. 2. The geodesic distanggp, ¢) is at mostr - d(p, ¢) with fat holes.

that for any two pointg, ¢ in the underlying geometric domain, we hayé, q) < 7d(p,q).

In addition, we assume that the sensor nodes are deploydtkeirrtvironment approximately
uniformly such that the minimum hop count distance is at mbghe geodesic distance. Thus we
haved(p, q) < o(p,q) < ¢ -d(p,q), foraconstant = 7-7" > 1.

Geogr aphic spatial sampling. We include the routing paths between pairs of nodes chosémn wi
a spatial distribution. With geographical locations, wel whplement the spatial sampling of a
partnerq of p by choosing with probability proportional tb/r? a geographical location;* and
round it to the nearest nodge That is, the node whose Voronoi cell contains the sampled location
q* is taken as the long link partner of If the nodes are not uniformly distributed, the Voronoi
cells have different areas and the nodes are selected withsadoprobability. Thus we use von
Neumann'’s rejection sampling to ‘smooth out’ the non-umifity introduced by the variation of
Voronoi cell area. This idea is originally proposed and usetéhking a uniform random sampling
of sensor nodes [Bash et al. 2004; Dimakis et al. 2006] ared kdapted to get a similar spatial
sampling [Sarkar et al. 2007].

Incremental routing table construction. The last implementation problem is to discover and store
the routes of the long links selected by the spatial distidioufor each node. Notice that here we
have a seemingly chicken-and-egg problem, as route disgo®guires a routing algorithm, while

3The geodesic distance between two points in a geometric idomaefined as the Euclidean length of the shortest path
connecting the two points in the domain, avoiding obstacles
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the routing table construction is to supply such a routirfgeste. Here we suggest a heuristic that
finds the routes with bootstrapping and incrementally qoesthe routes for the long links with
increasing lengths.

Every node first selects their long link partners (in facg geographical locations). The routes
for the pairs with shorter distances are constructed firgt,the routes for the pairs with lengkh
are discovered with the current routing table informattbat is, with the help of the long links with
lengths smaller thah.

The route for a long linkyq is stored on the routing table of the nodes on this path. Spakty,
each routing table entry is a tuplg, ¢, N,;), whereN, is the next hop neighbor leading goThus
a node maintains the routes to its long link partners as vgdtha routes that pass through it.

The simplicity of this scheme also suggests an ‘on-demangfémentation to improve the basic
routing. That is, when a packet is stuck at a local minimum wilesglect long links according to
the spatial distribution. Thus routing delivery rate migletlow or the delay can be long initially
but as the routes for the long links are constructed and decothe network gradually ‘learns’
and ‘repairs’ the imperfect distance oracle. This heuristin be used to circumvent the issue of
finding paths without a routing table, but unfortunatelyirstcase, no proofs are known that would
guarantee the stretch bounds shown in the previous sections

5.2. Landmark-based routing table design

When the location information is not available or when thesse field is deployed in an envi-
ronment so that the Euclidean distance does not provide d gpproximate distance oracle, we
propose a second scheme with landmark-based distancestiGy, we selectn = O(log® n)
landmarkg; uniformly randomly in the sensor network. For example, eaetie proposes to be a
landmark with probabilityjog? n/n. The landmarks then flood the network and every other node
records the hop count distance to these landmarks. The coioation cost for the preprocessing
is O(nlog®n).

Landmark-based distance oracles. Each nodep is given a landmark-based distance vec-
tor, represented by the vector of minimum hop count distatceall m landmarks,
(o(p,t1),0(p,la), -+ ,0(p,m)). We would like to use the landmark distances to estimate the
hop count distance of any two nodes. In the simulations we tise centered distance measure
proposed in [Fang et al. 2005], which iganorm of the centered landmark-based distance vector
(o(p, 1)* = M,0(p,l2)* — M, ,0(p,lm)* — M), whereM = >". o (p,£;)*/m.

Landmark-based sampling. To build the long links for a node, we will use the landmarks to
help with sampling. In particular, we select first randomlyput of them landmarks. For each
landmark;, we select from the distributiohy/(r In D) (D is the network diameter) a distangelf

¢ < o(p,4;), we take the node along the path fronp to ¢; with distancef from p as the long link
partner. Otherwise we drop landmaik Intuitively, we select along the path fropito ¢; a nodeg
with the spatial distribution restricted on this path. @ilise landmarks are randomly selected, the
probability that a landmark; is at distance: from p is proportional tor. Now the probability that
for each landmark; we can obtain a valid long link is

Prob{¢ < o(p,4i)} /D/C ! d£2<d( 1 L

ag i = R — — .

> S P , ), emD*D? 2D

Thus in expectation we obtai(1 — ﬁ) long links for each node. This means that choosing

m = O(log” n) landmarks suffices to get enough long links for each nodeagttwe remark that

although different nodes use the same set of landmarks &tectieir long links, the theoretical
analysis in the previous section still holds — as the onlyui@mnent is that we have a sufficient
number of independent long links for each individual node.

Landmark-based routing tables. With the long links constructed by the landmarks, the rautin
table size can be further reduced. In fact, a npdemembers in its routing table the long link
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partners and their landmark-based addresses. Differemt fine geographical case, the routes for
the long links are implicitly implied by the landmark distas. The size of the routing table is
thereforeO(log® n), for O(log? n) landmarks/long link neighbors, and a storageXgfog® n) for
storing the address of each long link neighbor.

5.3. Routing Scheme Implementation

We implemented our routing algorithm for simulations, gdioth the Euclidean distance oracle and
the landmark based oracle. Each node keeps the routinggiatles for its immediate neighbors, as
well as the long link neighbors it has selected. The routéisddong link neighbors are stored on the
routing tables of the nodes on the path. When a rxdues a message to be delivered to a destination
t, s will check its routing table to find a next hop nogeThe nodep was selected randomly from
the set of feasible nodes in the forwarding region. Othen this stretch guaranteed strategy, we
also simulated the effects of selecting a long link greeflldyn the routing table, where theis the
node in the routing table that is nearest tccording to the oracle. The message may not travel the
entire long link if on a node in the the middle the message findsser neighbor to the destination.

The simulations (Figure 4) show that the greedy heuristifopeas well in practice. Both schemes
achieve high delivery rate and low stretch. The greedy ngutiay sometimes have lower delivery
rate, but has better stretch. These results are undersiandthe light of the fact that the forwarding
region contains the destination, and a large region in batwiee source and the destination. Thus,
the link in routing table that reaches closest to the destinas likely to be one in the forwarding
region. Which means, in many cases, this heuristic satigfegonditions of the algorithm, and
because greedy choice is more likely to be nearer the déstinthan a random choice, it results
in a low stretch. Thus, in simulations, we consider the gyestdategy to be comparable to the
theoretical strategy. This also suggests further studyaaradysis of the spatial distribution and
routing table constructions along these lines.

In a real network, there exists the additional problem of bmdecide the correct number of long
links or landmarks to create. In a situation where no priaikiedge of the network is available, this
can be done adaptively. For example we start with a small rurmblandmarks, and monitor the
failure rates of routing requests over a period again. lfreaefraction (say 1% or more) of requests
have failed, we add a few more random landmarks. We do thiskchiter every time period, and
add landmarks unless the failure rate is lower than desired.

6. SIMULATIONS

In this section, we present simulation results to show théopmance of the proposed schemes
in practice. We mainly focus on geographic routing tablehovs the tradeoff of the routing table
size v.s. routing stretch. We also evaluate the performahlemdmark-based scheme on a network
of complex topology, for which landmark-based approxinthstgance oracle captures the underly-
ing network connectivity more accurately. We compare ouarapach with two recently proposed
routing protocols, S4 [Mao et al. 2007] and VRR [Caesar e2@D6], on three important criteria,
i.e., delivery rate, the size of routing table and routingtsh. We also discuss the preprocessing
cost of each scheme. In summary, our approach achieves éligeny rate (above9%) and small
stretch (about.03) with only a small number of long links, and a small routingleawith modest
preprocessing.

Simulation setup. We focus on evaluating the performance of all approacheseatauting layer,
and assume the underlying details (i.e., packet loss aediénence) have been handled at MAC
and link layers. This is sufficient for our purpose of verifgithe validity of the proposed ideas.
Respecting reality, we adopt a lossy radio model used intémelard simulator TOSSIM [Levis et al.
2003] to determine direct communication links between sodée lossy radio model is generated
based on empirical data and specifies the loss rate on théditvkeen a pair of nodes. We only
consider links with sufficient low loss rate and the resultetivork is not necessarily unit disk
graph, and could have directional links. We run simulatiomshree topologies. The firstis a sparse
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network with 1000 random distributed nodes — this is repregive of a large region monitored by
a few inexpensive sensors. Second, a network with a largeihthe center and third network with
multiple holes (see Figure 3) —these two are representativertain urban or sensing environments
that are closely monitored, but contain regions where ssrtamnot be deployed. Each simulation
runis repeated 10 times. In each round, we randomly sel&®@@0 pairs of source and destination.
All results are averaged on all pairs.

Fig. 3. Network topologies used in simulations. (i) Topology 1. Bam network: 1000 nodes, avg. degree
7.2; (ii) Topology 2. Network with one hole: 2400 nodes, atlggree 9.5; (iii) Topology 3. Network with
multiple holes: 2000 nodes, avg. degree 10.6.

v v 1.8
J§ —Routing with greedy strategy
0.98 ~7 Routing with forwarding region
® 1.
IS
50.96 §
3] 214
2094 7 7
o
0.092f —Routing with greedy strategy 1.2
' 7 Routing with forwarding region
—_— ]
0.9 2 4 6 8 10 ! 2 4 6 8 10
Number of long links Number of long links

Fig. 4. (i) Delivery rate for Topology 2. (ii) Stretch for Topology 2

6.1. Geographic routing table

We evaluate the performance of our approach with geographbiing table, as explained in Sec-
tion 5.1.

Delivery rate. To show the effect of long links on the delivery rate, we véugy humber of long links
each node maintains from 0 to 16. When the number of long kst to O, the routing protocol
is essentially the geographical greedy routing based otottedion information within one-hop
neighborhood. Figure 7 (i) shows that greedy routing pemnfovery poorly without long links. The
delivery rate is only around0%, 65% and44% in Topology 1, 2 and 3 respectively. When the
number of long links increases, the delivery rate readl®és with 6,8, 7 long links per node in
three different topologies, respectively. The resultsficonthat a small number of long links are
sufficient and can significantly improve the delivery ratesome typical network topologies. The
delivery rates of S4 and VRR are both 100%. The 1% failed ngessate is the cost we pay for the
substantially smaller routing table. Since our schemehsimilarly in various topologies, in the
rest of this subsection, unless mentioned otherwise, we meisent results on Topology 2 due to
space limitation.

We show the preprocessing cost of our scheme with varyindgaeunwof long links in Figure 7 (iv).
More long links results in higher preprocessing cost anceiased delivery rate.
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Routing table size. The size of routing table is measured by the number of enini¢ise table.
We compare the average routing table size of our scheme ViRIR ¥nd S4. For VRR, each node
maintains routes to a set of virtual neighbors on the ID rirtgpse virtual neighbors can be viewed
as “long links”. Thus, we show the change of routing table sig the number of long links changes
for both our scheme and VRR in Figure 7(ii). It is easy to se# the size of routing table is
proportional to the number of long links. But our scheme usesh smaller routing table than
VRR when maintaining the same number of long links. Our sehsaves routing table size by
taking long links with probabilityl /72 rather than the uniform distribution used in VRR. Thus, our
scheme favors relatively shorter links. Figure 6 shows tis&idution of the lengths of the long
links in terms of hop counts. In our scheme there are fewey lioks, while the distribution in VRR

is more uniform.

Size of routing table|] Our scheme| S4 VRR
Topology 1 26.08 68.83 | 41.52
Topology 2 39.02 105.85| 62.48
Topology 3 37.28 90.62 | 63.82

Fig. 5. Average size of routing table.

The table in Figure 5 shows the routing table size of threemmas with a set of fixed parameters.
For comparisons, we use 50 landmarks for S4 and each nodé&inairoutes to 4 virtual neighbors
in VRR. We select those parameters since they give the bestrpance of S4 and VRR in terms
of both routing table size and stretch. For our scheme, wé us€ long links in three topologies
respectively to get abow®% delivery rate. We use the same set of parameters in othezSdfriom
Table 5, S4 requires the largest routing table, since eadh needs to maintain routes to roughly
O(y/n) landmarks and(+/n) nodes within its local cluster. Our scheme has the smalteging
table size, but achieves comparable delivery rate.

\ B Geographical routing table EI\’RR|

5 10 15 20 25 30 35 40 45 350
Hops

Fig. 6. The distribution of long links w.r.t their lengths in hops.

Stretch. Figure 7(iii) shows the average stretch of our scheme and WRRvarying number of
long links. The stretch of our scheme is always below 1.1 sswtehses when the number of long
links increases. With 6 long links, the stretch is only abb0B. With more long links, each node
has more choices when choosing the next hop and can swithb test direction as soon as it finds
a neighbor or long link closer to the destination. Figure fnpares the average stretch of three
schemes. It shows that our scheme achieves similar stret&d gbut with smaller routing table)
and is much better than VRR.

Diversity of inaccuracy. The inaccuracy of distance oracle is due to diverse dishaods of the
network, like low density of node distribution or holes arzbtacles. Here, we study the impact of
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Fig. 7. (i) Delivery rate of geographical routing table with varginumber of long links in different network

topologies. (ii)-(iv) Performance of our scheme and VRRapdlogy 2. (ii) The average size of routing table.
(iii) Average stretch. (iv) Communication cost in preprssieg stage.
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Fig. 8. Delivery rate for different topologies. (i) Topology 1.)(ffopology 2. (iii) Topology 3.

Average stretch Our scheme| S4 | VRR
Topology 1 1.03 1.03| 1.73
Topology 2 1.03 1.03| 1.80
Topology 3 1.04 1.02| 1.75

Fig. 9. Average stretch.

different types of links (relatively short links and longlis) on different types of network topolo-
gies. We compare spatial-distribution link selection sehevith other four schemes, i.e., schemes
that only select nodes withii hops(< 5), within 10 hops(< 10), at least5 hops apar{> 5)
and at leasi0 hops apar{> 10). From all three figures (Figure 8), we can see that spati&i-dis
bution with a mixture of short and long links (blue line) ashés the highest delivery rate for all
topologies. Relatively short links( 5 hops) works best for Topology 1 compared to the other two
topologies, and the scheme with only links shorter than Iisteven performs better than other
schemes with relatively longer links, because the localidince due to sparsity can be resolved
by short links to close nodes. Longer links (0 hops) performs significantly better than pure short
links in Topology 3, since global disturbance (big holegjuiees longer links to compensate the
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inaccurate distance measure. Different network topofogiay require different types of links, but
the spatial distribution with a mixed set of short and lomg$ gives a generic solution and hides
the diversity of distance inaccuracy, with high deliverieramall routing table size, low stretch and
cost.

6.2. Landmark-based routing table

We evaluate the performance of the landmark-based rowthig {in 5.2) on three topologies, com-
pared with S4, as both use a set of landmarks. The benefitsr gicheme are that it incurs much
cheaper preprocessing cost with smaller routing tablethize S4. Our scheme needs fewer land-
marks O (log? n) rather tharO(y/n) landmarks). Each node only needs to remember the next hop
to each landmark and the sample along the path to that lakdarad does not construct any addi-
tional local routing tables. So the size of the routing tablexactly the number of landmarks. The
total preprocessing cost is just the message flooding frentathdmarks. After that, routes to all
long links are built up automatically.

Simulation results show that 30 landmarks are sufficientctiewe good delivery rate (above
94%) and small stretch (about04) in our scheme. In S4, we use 50 landmarks with an average
routing table size of 90.62 to achieve the best stretch auntingptable size tradeoff. The routing
table size in our scheme is 30, with the total preprocessiaganly about 1/3 that of S4 on Topology
3.

7. CONCLUSION

We presented in this paper a theory to build a small numbendiig links in very general domains.
The method is distributed and uncoordinated, but guaramfiedal properties such as routing with
low stretch and compact routing tables. The use of spas#iiliition ensures that the routing works
well at all scales and distances.

We have presented here implementation details and sironlegisults for sensor networks, but
we expect the core results to be useful in a wide variety gflggauch as overlays networks.
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