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Abstract—We study the problem of landmark selection for forwarding when greedy forwarding gets stuck. While greedy
landmark-based routing in a network of fixed wireless com- forwarding is quite robust to sensor location inaccuracies
munication nodes. We present a distributed landmark seleabn perimeter routing fails in practice — a delivery rate of only

algorithm that does not rely on global clock synchronizatio, . .
and a companion local greedy landmark-based routing scheme 68% is observed [4], [S]. The problem comes from the failure

We assume no node location information, and that each node Of the planarization of the communication graph in real @orl
can communicate with some of its geographic neighbors. Each deployment. The relative neighborhood graph and the Gabrie
node is named by its hop count distances to a small number graph are both connected planar subgraphs of unit disk graph
of nearby landmarks. Greedy routing at a node is performed ((ypG) in theory. In reality they turn out to be disconnected
to equalize its vector of landmark distances to that of the due to directi | . d th f
destination. This is done by following the shortest path to tie ue ,0 .|rec lonal or crossing g 995’ as the conseqqen_ce 0
landmark that maximizes the ratio of its distances to the sorce l0cation inaccuracy and the deviation of the real connégtiv
and the destination. In addition, we propose a method to alate model from the UDG model.

the difficulty in routing to destinations near the boundaries by To solve this problem despite the fact that accurate ge-
virtually expanding the network boundaries. The greedy rouing,  oqraphic location information is difficult and expensive to

when combined with our landmark selection scheme, has a btai ” tion-f fi h h b d
provable bounded path stretch relative to the best path posble, obtain, several location-free routing schemes have beeel-de

and guarantees packet delivery in the continuous domain. In Oped [6], [7], [8], [9]. These schemes build virtual cooratie

the discrete domain, our simulations show that the landmark systems, respecting the true network connectivity, on kwhic
selection scheme is effective, and the companion routingteeme  greedy message delivery rules are developed.

performs well under realistic settings. _ Several virtual coordinate routing systems are landmark-

Bqth the Iandmark selection and greedy. routing assumes no based [7], [8], [9]. Generally speaking, a subset of the sode
specific communication model and works with asymmetric linls. v =L ’ .

Although some of the analysis are non-trivial, the algoritims are  are selected amndmarks Every node records its hop count
simple, flexible and cost-effective enough to warrant a realvorld ~ distances to these landmarks. The landmark distanceseme th
deployment. used to generate virtual coordinates for the nodes. Roiging
typically guided in a greedy way by a potential function on
the landmark-based distances. The major differences among
these schemes are mostly in their potential functions.

The applications emerging from the sensornet communityTake two landmark-based schemes as examples. Gradient
will depend, in part, on good design and implementation dfandmark-based Routing (GLIDER) [7] separates global and
scalable point-to-point routing. In this space, both gapbic local routing by partitioning the network into combinagri
location-based and location-free methods have been pedpos/oronoitiles such that the nodes inside the same tile aresto

In geographic routing, the node currently holding the pack®o the same landmark. The tile adjacency graph is used to
forwards the packet to its neighboring node that is “cldsesguide global routing across tiles. Local routing withinle is
to the destination. Various meanings of “closest” are fdssi done by greedy descending on a potential function constiuct
The presence of holes in the sensor field can cause thasing distances to a set of local landmarks (the landmarks in
greedy methods to fail at nodes with no neighbor closer to thiee adjacent tiles). Such a potential function is local mimin
destination. The failure of greedy forwarding is mainly duéee in the continuous domain. In another scheme, Beacon
to the mismatch between naming/routing rules and the actiMalctor Routing (BVR) [8] takes a similar but more heuristic
network connectivity when the node distribution is sparsapproach and designs a potential function that dependseon th
having holes or of complex shape. distances to thé landmarks closest to the destination, where

A variety of methods have been proposed to overcome tllisis a system parameter. Out of ttielandmarks, the ones
difficulty and to guarantee packet delivery, if at all possib that are closer to the destination than to the source impose a
Probably the best known approach among these, the scheméafling” force while the rest impose a “pushing” force. The
greedy routing combined with face routing [1], [2], [3] kdsl potential function is a combination of the two.

a planar subgraph of the connectivity graph and uses peximet Landmark-based schemes are favored by their simplicity
and independence on the dimensions of the network. Unlike
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I. INTRODUCTION



performance of BVR consistently and significantly compared
to that using a random landmark selection.

II. LANDMARK SELECTION

The success of GLDR depends on making good choices of
the set of landmarks. We build a shortest path tree rooted
at each landmark via flooding in the initialization phase.
Intuitively, GLDR allows the landmarks near the destinatio
impose a “pulling force” on the packet following the shottes
path. A packet en route is therefore under the forces from
a set of nearby landmarks. By choosing only one pulling
force at a time according to lcal rule, and with a set of
well selected landmarks, we can navigate the packet in the
network. Therefore, a desirable landmark selection algari
should give a set of landmarks that are evenly spread out, and
each node in the network, if not near a field boundary, is well
“surrounded” by a small set of nearby landmarks.

We show that we can use ansampling to select a ‘good’
set of landmarks. We show, in the next section, how the
r-sampling properties are essential to guarantee the greedy
routing success, and to yield a theoretically bounded per-h

An important issue in all landmark-based schemes that hstgetch factor (of 5 for realistic settings). In fact, by imdng
not been addressed is landmark selection. Obviously, yoohigher cost in node address composition, even lower stretch
selected landmarks can result in poor routing performaneguld be achieved. For details, see section I11-B. We pre@os
Simulations often assume that landmarks are randomly skstributed protocol to implement an approximatsampling
lected or manually placed along network boundaries [7], [8h a practical setting.

It remains a challenging open problem, both in theory and in
practice, to understand the criteria for landmark selecéiod
their influence on routing performance.

In this paper we propose distributed landmark selec- Let B(p,r) denote the ball (disk) of radiuscentered ap.
tion protocoland an accompanying simple routing scheme, Definition 1: Given a continuous domaifi, anr-sampling
Greedy Landmark Descent Routing (GLDR)the continuous of S is a set of pointsk C S such that each point i¥ is
domain, GLDR guarantees packet delivery with provablyithin distancer of some pointinR, i.e. S C UpcrB(p,r).
bounded path stretch relative to the best path possible. ItDefinition 2: We call a pointp an interior point if a ball
exhibits good routing performance in networks, as verifigd lxentered atp with radius 4r is completely insideS, i.e.
our simulations. In our scheme, landmarks are selected byBép,4r) C S.
randomized and distributed process that ensures apprtetima We are interested in landmarks that formmasampling and
uniform spacing and good separation of landmarks, for angiverould like to reduce the total number of landmarks needed for
separation parameter. a given sensor field.

We show that only a constant number of nearest landmarkgFor a 2-D infinite continuous domain, the best result pos-
of a node, denoted by thaddressing landmarkss needed sible is to place landmarks at points such that they form a
to address the node for routing. In practice, as few ash@xagonal sampling pattern [10]. This could be achieved by a
nearest landmarks are enough to obtain a high routing ssiccgi®bal sequential algorithm.
rate. The routing is simple: intuitively, when the sourcdas Another strategy is to use random sampling. How many
away, the addressing landmark that is closest to the déstinaindependent samples (in fact landmarks), selected unijorm
applies a pulling force until the packet gets close to that random fromS, are sufficient to yield am-sampling with
destination. At this point, the algorithm routes the packet confidence levet? We divide the domain into square grid
towards a single landmark selected hylocal rule until cells of area®(r?) and solve for the number of landmarks
the distance to the landmark equals the distance from thecessary to guarantee at least one landmark in each diid cel
destination to that landmark. Then a new landmark is sedect€his reduces our question to tiseupon collector’'s problem
and the above process repeats. We evaluated the performaca well known result [11], forn equally sized grid cells, the
on low-degree graphs on randomly placed nodes and obsergggected number of landmarks needethign m+0O(1)). The
favorable performance in both routing stretch and delivatg logarithmic factor characterizes the expected non-unmiftyr
compared to BVR. of a uniform random distribution. In other words, the over-

The proposed landmark selection protocol can be combingaimpling rate of the randomized landmark selection algarit
with other landmark-based routing methods. We show lwith respect to the deterministic optimal algorithm is abou
simulation that our landmark selection protocol improves t logarithmic in the number of grid cells.

Fig. 1. A typical sensor field and routing paths between 2 saddet.

A. r-sampling in the Continuous Domain



B. r-sampling in the Discrete Case The performance gap between the sequential algorithm and

Definitions 1 and 2 have their discrete-case analogs, wiffe randomized parallel algorithm is rather significantisTh
the distance between a pair of nodes defined as the lengtH&sult motivated us to design a protocol that finds the middle

the shortest path between them. ground between the two algorithms.
Definition 3: The r-neighborhoodof node ¢, denoted by
B(e,r), is the set of nodes at mosthops away fron. C. The Protocol

We assume in this subsection that the sensor field is nice, irDuring the network initialization phase, we select a set
a sense that any neighborhood of radiuim the sensor field 4f |andmarks by computing an approximatesampling of
contains at leastr? nodes for some constant the network nodes, and the shortest path trees rooted at

To obtain anr-sampling, we need to have at least ongese landmarks. We propose to use a randomized, distlibute
landmark in everyr-neighborhood of any interior node. Onescheme that combines both processes. First, each node in the
way to carry out the sampling is to use the following sequntinetwork generates a numbermniformly at random inf0, 1).
greedy procedure. Each node then waits foKv time, whereK is a network

Algorithm 1: All nodes are initially unmarked. While thereparameter, and the unit of time is the time it takes to send
are unmarked nodes, repeatedly pick an unmarked node, mgkgacket from a node to its neighbor. If during this waiting
it a landmark, and mark all nodes in itsneighborhood. period, a node is not suppressed by any other node, it declare

_This algorithm produces a set of landmarks with a minimufgself a landmark. The new landmark broadcasts its status to
distance ofr-hops apart, and each non-sampled node beiRg ,-neighborhood, suppressing all non-landmark nodes in it.
in the r-neighborhood of at least one landmark. Since the\when K is large, the above scheme effectively gives us
landmark’sr/2-neighborhoods are disjoint, there are at mogt sequential algorithm for computing arsampling. When
4n/(ar?) landmarks. K is small, some supressing messages arrive too late due to

On the other hand, in an ad hoc network, any sequentifk delay incurred in communication. Consequently, aolai
algorithm is prohibitively expensive. A parallel algorithis |andmarks are selected. When the nodes are distributed
thus much more preferable. This motivates the f0”0Wi”Qpproximater regularly (as defined below), we can upper
randomized algorithm that could be executed in parallel. pound the expected number of landmarks.

Algorithm 2: Each node makes itself a landmark with a pefinition 4: We say that the node distribution s, 3)-
probability p wherep is some constant. regular (3 > a > 1) if the |r|-neighborhood contains between

We have the foIIowing result: ar? and 57-2 nodes, for any- € R.

Theorem 1:The set of landmarks produced by AlgorLthm 2 Theorem 2:If the node distribution is (c, 5)-regular,
is anr-sampling with probabilitys if p > 1— (1 — s )a2. then anyr-neighborhood contains, in expectation, at most

Proof: First select a subset of nodes which we call9p/Kr? + 163 — 1) landmarks.
centersby following the procedure described in Algorithm 1, Proof: See Appendix VI-A. ]
substituting the~-neighborhood withg-neighborhood. By the  Theorem 2 shows that by adjusting, we can tradeoff
previous analysis, there are at mest= 16n/(ar?) centers. between the over-sampling rate and the time requires to

If we make sure that there is a landmark in each cenemplete the sampling process. F&r = O(r), the over-
ter's £-neighborhood, the set of landmarks would beran sampling rate grows linearly with. To have a constant over-
sampling. Let&; be the event that no node is sampled isampling rate, we neefl = O(r?).
centeri's z-neighborhood, then B;] < (1 — p)or’/4. The
probability that Algorithm 2 produces ansampling is given 1. L ANDMARK -DESCENT— THE GREEDY RULE

m (¢ _ _ ar?/4yn/(ar?/16) H H . .
by Er[l?ﬁl(t %)] %I(l st(l d p)l f) bt . S;ttlzg th'sd To route a packet to a destination, the source node selects,
probability 1o be at leasiand Solve Top we oblain the desired ., + of the landmarks that address the destination, the ate th

resé”t' larv 1 Th ted i te of th maximizes the ratio of distances to source and destination.
oroflary L. The expecled over-sampiing rate of the F’"’?ﬁil then moves towards this landmark along the shortest path,
allel random sampling algorithm to that of the sequenti

deterministic alaorithm is theref t least: ntil the landmark becomes equally distant from the source
eterministic aigorithm 1S therefore at feast. and the destination, at which point, the process repeats.
n-[l—(1- S?Tf)ﬁ] ar l 1—s a‘;] Effectively, the source is trying to equalize its vector of
- ()

landmark distances to that of the destination, by gajucing
the distances, i.e. gointpward landmarks, not away from
_ ll ( f )1/’“1 them. If the source and the destination coincide, thesex®ct
U \am

16n

4an 4 164

ar?

are indeed equal. However, the converse is not true because
multiple nodes may have the same hop count distances to
Wherek = ar?/4 is the lower bound on the number ofthe same set of landmarks. Nevertheless, in the continuous

nodes in ang-neighborhoodf =1 — s. domain we will show that not only does the converse hold,
For a fixed confidence level and a large network, asthe but the distance vector can be made equal using a simple
neighborhood size grows, the over-sampling rate of thellphragreedy strategy, i.e. decreasing the coordinate that massm
algorithm to that of the sequential algorithm grows lingarlthe discrepancy (the ratio to the corresponding destinatio
with the local neighborhood size (which is quadraticrin  coordinate).



In the discrete domain, our experimental results show that
such a greedy strategy succeeds with high probability. How-
ever, it is possible that the packet gets stuck into a loop
before reaching its destination. Based on our simulatibgs,
remembering the IDs of the last &treme node¢nodes at \
which the packet stopped proceeding to its current landmark
we can detect such a situation and declare the packet gets

stuck. o ) Fig. 2. Landmark descent carfrig. 3. Landmark descent always
Once a packet gets stuck, it is greedily forwarded to theévays proceed il is an interior makes progress ifsl| > |dl|.

destination usingL; and L., norms, and if the destination Pont
is still not reached, a scoped flooding is used to deliver the
packet. ”
In the following sections, we first describe the continuous
version of the landmark descent routing and provide thezet °
results. We then describe the routing algorithm in a discret =
network. We assume continuous, simply connected (without
“holes”) sensor domain with an outer boundary in the form of 5
a closed curve.

A. Greedy Success in the Continuous Domain
) ) . Fig. 5. Upper bound orR/r for variousx.
Suppose there is a set @ndmark nodesn the domain.

The algorithm will use onhdistancesto landmark nodes for Proof: Refer to Figure 3. SinceAds’l is isosceles,
routing to non-landmark points. Each destination is adarés Zds'l < 90°, so Zss'd > 90°. This implies Zdss’ < 90°,
by the vector of distances fromsaibsebf landmarks. We will hence|s'd| < |sd|. [}
see later, by theory and simulation, that this number can beFrom the previous two results it is obvious that the routing
made small (independent of the network size). process eventually terminates by reaching the destinaifion
In landmark-descent, the source is trying to equalize itBe latter is an interior point. We summarize this part in the
vector of landmark distances to that of the destinationhéf t following theorem.
source and the destination coincide, these vectors ar@dnde Theorem 3:If d is an interior point, the landmark descent
equal. In this section we show that under certain conditionsuting tod is always successful.
on the landmark placement the converse is also true, i.e. the
destination isthe onlypoint with this property. Fur'Fhermor_e, " Bounded Stretch in the Continuous Domain
we show that the vector can be made equal using a simple
greedy strategy. In this section, we analyze
For simplicity of notation, throughout we use d and! the theoretical performance of !
to denote the source, destination and landmark points teat 8Ur routing approach. Let be
used in one routing step. Furthermore, we denotesbthe the current pointd the des-
point to which the source moves after the step has been takdgtion, I a landmark,p =
The following lemma says that unless it has reached tﬁ%|/|dl|_' and ¢ = m — Zsdl
destination, the source can always find a discrepancy in #3§€ Figure 4). Assume that
coordinates, i.e. the process can never terminate preghatur? > 1 and let s” be the
This is under the condition that the destination be an iateriPint on the linesl such that
point. |s'l] = |dl|. The ratio x = Fig. 4. Bounding the one-step
|Ss’|/(|sd| — |S'd|) we call the stretchx by a function ofp or ¢.
one-step stretch factaof rout-
1jng from s to d using!.
We first relatex to the minimum distance betweehand
its addressing landmarks (includiry
Lemma 3:If the landmarks form an-sampling and the

S

S d

Lemma 1:If d is an interior point, then as long as# d,
there is a landmark that satisfiegsi| > |dl|.

Proof: Assumes # d, and consider the intersection o
B(d,4r) and the open halfplane defined by the line throdgh
perpendicular tad, and not containing (Figure 2). This area
is contained in the domain, sinekis an interior point, and it ) . ;
contains a ball of radius. Therefore it contains a IandmarkOIIStance betweed and its addressing landmarks is at leRst
1, by ther-sampling condition. Clearly’sdl > 90° > Zdsl, then f(x) = R/r, where
S0 [sl| > |dl|. | 4 1 1

The next result says that by equalizing the coordinates, the f= l+u—w’ u=1- K2’ v=1- P
source mdeet_:i gets closer to the destination in terms of the  _ (1 —u?) + 2u2(1 — v2) + 2u/(1 — 02)(1 — u20?).
straight-line distance.

Lemma 2:1f |sl| > |dl|, then|s'd| < |sd]|. Proof: See Appendix VI-B [ |




It is straightforward to show that for > 1, f(k) is 1: if p.mode = GLDRthen
monotonically decreasing with rang®, cc). It follows that its 2. if dist(p.bestBase})- dist(p.destthen
inversef~! exists, ands < f~'(R/r) for R > 2r. The plot i. elSZORWARD p toward p.bestBase
of f is shown in Figure 5. Apparently, thellower the stretch if current node is in p.extremeNodgzen
upper-bound, the farther away the addressing landmarld nee ¢ SET p.mode = &
to be. To have an upper bound®bn the per-hop stretch, we 7 else
need each node to be addressed by its distances to landmark$: RECORD current node into p.extremeNodes
that are at leastr away. We will show in the next corollary ~ ° COMPUTE new base p.bestBase

. : 10: if p.bestBase = nulthen

that the number of addressing landmarks for each node is an;. SET p.mode = &
scale-free constant. We have thus proved: 12: else

Theorem 4:1f R > 2r, thenk is bounded. 13: FORWARD p toward p.bestBase

In the rest of the paper we assurRe= 2 for simplicity. 14: end if

Now we can bound the number of addressing Iandmarks,igf ensni? if

a quantity essential for scalability of the system, under th ;. onq i
regularity assumption of node distribution in the previous 1s: if p.mode = I then

section. 19: if some neighbor nb is closer to p.dest usingthen
Corollary 2: If the node distribution ige, 3)-regular, then 20 ngRWARD p to nb
the expected number of addressing landmarks for any node i%lj end | _
9 2:  SET p.mode = L,
at most(1445/Kr? + 168 — 1)p. 23 end if
Proof: Not difficult, but omitted for brevity. ] 24: if p.mode = L. then
25.  if some neighbor nb is closer to p.dest using then
C. Greedy Landmark Descend Routing (GLDR) in Networks 26: FORWARD p to nb

Each GLDR packet carries in its header, (i) the address of g;f ErﬂdogD to find p.dest

the destination, (ii) the ID of the landmark toward which the 29. end if
packet is forwarded, (iii) a list of recently encounteretterme
nodes. Algorithm 1. Pseudocode for routing a packet

The address of a destination is a vector of distances to .its . o . . ,
: L . iS more challenging. Intuitively speaking, for virtual ¢cde
addressing landmarks, together with its ID (multiple nodes . o2
ate based methods, routing to destinations near the networ
may have the same set of nearest landmarks). A packet’s . -
. . oundaries is more difficult because there are less andfgr on
header is updated only at extreme nodes, nodes with the same . . . e
) L oné-sided reference points to navigate the packets. Sgadlifi
distance to the current landmark as the destination. At an . . .
. . . N our case, the assumptions of our continuous domain gesult
extreme node, if there is no landmark that is farther fro

the node than from the destination or if the extreme nodelz|]1§e.m.ma 2, Theorems 3, and 4). are not even approxmw_ately
found in the packet header, the packet is stuck. If not tﬁg‘“Sf'Gd near the boundary. This setback is common in all
current extreme node is added to the header. The packe}/Irtual coordinate based methods.

I H H 113 41 o
then forwarded toward the landmark that maximizes the ratios'-0 alleviate this “boundary effect’, we proposeitually

of distances to the current node and to the destination. expandthe sensor field. Suppose that we duplicate ibe-

If a packet gets stuck, we resort to flooding. As this it%:tenor part of the network, and place it immediately below

. : iginal so that they meet along the boundary. The ex-
expensive, we actually forward the packet greedily usin € ongina . d i L : )
noFr)m, then usingl. ynorm. If the gestinat?on is ystill n?)t panded network is obtained by “unfolding” the replica. This

reached, we perform scoped flooding. The pseudo Codeetfgectively provides “pulling forces” on packets towardet
implement the algorithm is shown in IlI-C. boundary.

To keep the packet header small, we do not store all extremeVe first (:]xtebnd the diflnnpn_s g shoréest pl)_athsdand dis-
nodes that we encountered and only keep thedastcently tanlces. gat S etwegn(tj € orgin 848 and rep |cadte \m_d
encountered extreme nodes in the header. While there istHa) nodes are required to visit a boundary node, and are

theoretical proof that such a short list suffices to detempilog, thus calledreflecte_d path_sThe distance between two such
in our extensive simulation we never encountered a loogs TmOdes (eflected distangeis the length of shortest reflected

is because looping is usually caused by too small a numi h gonnecting them. The reflected and the standard straigh
of landmarks being available for routing. ine d|s'§ance between andy are denoted byzy) and|zyl,

We would like to emphasize that GLDR is simple and eaé’)(;spectlvely. . .
to implement. A local greedy rule guides the greedy routing Now we can define an augmented landmark selection pro-

at each step. The protocol is stateless unless loop occur$fure and the matching routing algorithm to be essentially
the route, which rarely happens. the same as in the base case. This is possible because the

algorithms operate only on shortest paths.
If the boundary is not very curved comparedrtdt locally
looks like a straight line (Figure 6 left). Thus using a vatu
Recall that the results we discussed up to now apply andmark is almost the same as using its “mirror image” with
interior nodesonly. For the non-interior nodes, the routingespect to the boundary, viewed as a real landmark.

D. Handling the Boundary Effect



A. Default simulation setup

In our simulations, we generaté®00 nodes randomly in
a unit square, see Figure 1. The communication radius was
set to make the average node degree roudblyThe field
was fairly dense, but still had many small holes, which made
greedy routing challenging.

We generated the landmarks to form Bhrsampling. The
Fig. 6. Left: When the boundary is “locally straight’, regiag a virual default X' was 1200. For a given sensor field, we ran our
Iandmar/kl by a “reflected” real landmark preserves 'the distances involved|lgndmark selection schemé$0 times, and for each set of
e b, does ot chanor e fotng e For = SErindmarks obtained, we generate pars of random source
curvature of the boundary. and destination points and computed the routes between them

using that set of landmarks. When routing, we used the

From the above discussion it should be clear that the resufistance to the nearest landmarks of a node as its address.
will depend on some measure ofirvatureof the boundary.  |n each simulation, we varied a single parameter and kept
As the boundary is not always known in a realistic settingne other parameter as in the above default setting. We col-
and even more complex issues arise when there are lagg&ed statistics on all thd2000 paths computed for different
‘holes’ [12], [13] in the network, we at this stage study thigarameters we were interested in. For comparison, we ran
method more or less as a theoretic interesting possibdityer gyvR and computed statistics on the saB@000 paths on
than a practical solution to ad-hoc networks. In particul® the same sensor field.
assume that the boundary is a smooth curve such that the twe}, this default setup, there were on average2 landmarks.
tangential balls of radiu& at any pointz on on the curve, do oy routing algorithm achieved a success rat®®H% with-
not intersect the curve anywhere exceptiiFigure 6 right). oyt flooding. When the routing failed, the hop distance from

In practice the boundary can often be approximated by such node where the algorithm terminated to the destinatias w
curve to within an accuracy comparable to discretizatioarer 4 47 o average, with a standard deviation204.

Theorem 5:If R is large enough compared te, the
augmented-GLDR guarantees packet delivery along a path
of bounded stretch factor. In particular, B > 320r, and B. Successful delivery rate
the stretch factor of the base case routingsis< 2.5 (cf.

We considered the performance of the routing algorithm
Theorem 4), then the stretch factor of the augmented-GLDol§/ varying the number of routing landmarks, theampling
is at most7x/(5 — 2k).

%e/lrameter (landmark separation distance, roughly), aed th

: P_roof. The_ key idea is to replace a V|r_tual landmark use erage network degree. The success rate is shown in Figure 7
in a given routing step by a carefully designed real landmark _. : .
i . - : First we gradually increased the numberrofiting land-
which results in a similar routing step. The base case esult
. . . marks and found that, as expected, the success rate also
can then be applied to the latter. For technical details, se€ : _
Aopendix VI-C m INcreased, fron85% with only 6 landmarks, up t®2% with
PP : : . : 8 landmarks. We observed that the nodes where GLDR failed
The reason for using virtual landmarks is to compensate for ;.
: oo 0 delivered were often near the boundary so that they were
the lack of addressing landmarks for non-interior nodea@lo ", " . .

) . not “well surrounded” by their routing landmarks. GLDR must
the field boundary. They are used, and only incur extra s&ra . :
X . - ten rely on greedy routing using; norm andL., norm to

cost, in a local neighborhood along the boundary. Spedifical . . .
. ) reach boundary nodes, and increasing the number of routing
virtual landmarks need only to flootRr hops inward from

the boundary, to let nodes in this region learn their disﬁeanclandmarkS does little to help for this phase.
. L ) When the number of routing landmarks was small, GLDR
to virtual landmarks, and non-interior nodes learn thedralo

addresses. It is easy to see that only nodes within hops was more successful than BVR; as the number increased, the

away from the boundary need to learn their distances toa‘imperformance gap narrowed. BVR's random landmark selection

landmarks: all the other nodes are interior, so they musg¢ ha(\)/ften produces highly irregular landmarks and may not work

at least oneeal addressing landmark; after only one step O\{yell when only a few routing landmarks are used.

landmark descent (always to a real landmark), the new sou[cé/(\j/e allfo \?anm'negt:‘he mfluePce dqftthgta:hnlfmk:jer Ofk
position s’ will be within 8- hops fromd (for it suffices to andmarks. We vared fhe separation distangethe lanamar

pick any of d’'s real addressing landmarks, which are all eﬁelzctlonk alfgorlthm beg\(/)e::- and 13,20an1qhthe n:cjmber of
most4r hops away fromi), i.e. at mostl2r hops away from randmarks from aroun 0 aroundzl. 1he periormance
improved with more landmarks, mostly because more nodes
the boundary. . .
near the boundary were “well covered” by the extra landmarks
Finally, we varied the communication radius so that the
number of communication neighbors, averaged over all nodes
We implemented our landmark selection and routing algeras betweers and18. As the average degree increased, fewer
rithms in java, for heuristic study. We simulate the netwatk landmarks were used, so that the landmark density remained
the network level, not taking into account networking issueelatively fixed. GLDR performance improved when network
such as packet loss or delay. degree was high, as the network became more regular.

IV. SIMULATIONS



o
©
L
o
©
o
©

o
o
L
o
o
L

I
IS

success rate
I
~
L

success rate
success rate

o
n
t i
20
nw
ey

~GLSR
- BVR
T T T T T T T T T T T T T T
5 7 9 1 13 15 17 19 20 30 40 50 60 5 7 9 11 13 15 17
number of routing landmarks total number of landmarks average node degree

o
n
Jo|tt
20
n»w
)
o
n

o
o

Fig. 7. The success rate of GLDR is high for various settiigisDR compares favorably to BVR.

In all cases, the success rate of GLDR was consistently over !
80%, and frequently ove90%, which is good, considering the
relatively low degree of the network.
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C. Remaining paths and stretch factors
We varied the density of the landmarks by changing the

0.2 = GLSR
landmark separation distance parameter betwéeand 18 m
in the landmark selection algorithm. For pairs of nodes on S 7 s 1 1 15 v 1
which the routing got stuck, we computed the hop count number of routing landmarks

from the terminating nodes to the destinations. This me&asiig. 11. virtual landmarks improve routing performance.

gave us some idea on how much we need to flood in order

to reach the destination. When we could route successfully,

we also computed the shortest path between the source gn®VR with our landmark selection scheme is very similar
the destination, and computed the stretch factor. The geerao GLDR.

remaining path (Figure 8) was comparable with the separatio

distance between landmarks. The stretch factor of the pd@&hlmproving routing performance using virtual landmarks
(Figure 9) was quite small, betweérn4 and1.09. A typical

X We tested the idea of virtual nodes and landmarks for
route was abous0 hops, which means that our routes were . ! .
routing to nodes near the sensor field boundary (SectioD)Ll|-
only 1 — 3 hops longer than the shortest paths.

GLDR compared favorably to BVR in these measures. To sir_npl_ify th_e implementation, we §e|ected virtual landksa
to coincide with real landmarks which are near the boundary

D. Landmark selection (instead of choosing them in the same way as in the base case,

We measured the effectiveness of the landmark selectionly using a different notion of distance for some landmark
algorithm in GLDR. For this purpose, we ran the selectiopairs). We found that the virtual landmarks improve the irgut
algorithms for various values d&, see Table I. quality of GLDR, see Figure 11.

As K increased, the number of landmarks decreased, as
landmarks had more time to suppress nearby nodes, pregentin
them from becoming landmarks. From Table I, we noted that

when K increased fron600 to 3,000, the number of land-  \we proposed a practical landmark selection protocol that
marks increased, but the routing performance stayedvelgti yniformly samples a network of sensors. Combined with a
constant. This suggests that tightly clustered landmaigfim simple greedy routing based on distances to landmarks, we
not contribute much to the routing quality, and that the can achieve good routing performance which is provableén th
value should not be too small. On the other hand, whén continuous domain and manifested in our extensive network
increased above, 200, the number of landmarks started tasimulations. GLDR, while comparable to BVR in performance
stabilize. As the network initialization time was domimitecategories such as packet delivery rate and routing paften
by K, K should be small, at the expense of having molgss |ower routing overhead. Further, the landmark selectio
landmarks in the network. _ algorithm is also beneficial to some other landmark-based
We compared the performance of GLDR with landmarkgyting schemes. Our experiments showed that BVR's perfor-
chosen uniformly at random, and according to II-C. Thgance improves significantly with a set of landmarks/beacon
success rate degraded significantly with random landmarksjected using this algorithm.
as there were more nodes that are not “surrounded” well| 5ngmark selection is seldom a stand-alone problem, but
by Iapdmarks. Thus, our landmark selection is crucial fQLiner strongly tied to the overlying application, be itmteio-
effectiveness of GLDR. point network routing or robot navigation. This paper po®s
E. Improving BVR withr-sampling landmark selection a practical solution in the context of routing in wireless
Our landmark selection scheme can be used to improad-hoc networks. The general problem remains important
other landmark-based algorithms. For example, it helped imnd challenging. We hope this paper could encourage more
prove the success rate of BVR (Figure 10). The performan@search interest in this direction in the networking comityu

V. CONCLUSION
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TABLE |
THERE ARE FEWER LANDMARKS WHENK INCREASES
K 300 600 900 [ 1200 | 1500 | 1800 [ 2100 | 2400 [ 2700 | 3000
#LM 57.1 375 | 307 27.6 25.8 24.5 23.7 23.2 22.8 22.4

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

El

[10]

[11]

[12]

[13]

[14]

GLDR O.Qél 0.904 | 0.901 | 0.904 | 0.906 | 0.904 | 0.906 | 0.906 0.965 0.965
No LMS | 0.861 | 0.841 | 0.831| 0.832 | 0.828 | 0.822 | 0.814 | 0.808 | 0.805 | 0.800
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Fig. 12. Bounding the one-step stretch factor.

Eliminating sin(a/2),

K — (p =Dz ) A3) F_ig. 13. Analysis of the augmented-GLDR whend, s’ are real, and is
1— \/(1 —(p—1)222)/p virtual.

; ; ; P ; i I, there are two such points symmetric with resfmethe
Triangle inequality|pz — 1| < = impliesz € [-1;, -L;]. Tedious (in genera are | ! .
but straightforward calculations show that the righ’f haitl? ©f (3) ggetr?gylggglvéeogr?cf;gg) the be the one on the same side of the line
|sr_n|n|m|zed over this interval far = 1/1/p(p — 1), at which point Notice that! was picked as a routing landmark because the dis-
w=/p/(p—1). g lances (possibly reflected) amorgd and! satisfy certain relations.

. By construction,s, d and!’ preserve this set of distances. It follows

Lemma 5:1f ¢ < w/2, thenk < 1/(1 —sin ¢). ; p ; /

Proof: Let s be such thass” is parallel todZ and s”'d is that if the base case protocol is applieckstal andl’, then Theorem 4

; . 3 provides a stretch guarantee, but for a “new source positidh
perpendicular to boths”’ anddL. Let s” be the intersection of”’d which is different thans’ in P ;
, , A general. The “true” one-step stretch is
andss’, see Figure 4. Note thatds'L = Zs'dL < w /2, and when ., o

when¢ < /2, it is easy to see that” is betweens”’ andd, and |ss'] |ss”| +|s's < s+ 1s's

s is also betweern ands’. |ds| — |ds'] = Jds| — |ds"| — [s's"| = L=/1 _grgm’ )
From triangle inequalityss’| = |sL|—|dL| < |sd|. We also have ] " ]

that |s'd| < |s”d| < |s"'d| = |sd|sin¢. Thusk = |ss’|/(|sd| — Which tends tox as|s’s"|/|ss”| becomes smaller. Thus if we prove

|s'd]) < 1/(1 —sin ¢). m that|s's”|/|ss'| < 1, we are done.

Note that ass approaches!, p approached and ¢ may or may We bound the ratio as follows. Létbe the (small) arjgle petween
not be acute. Thus both Lemma 4 and 5 do not yield any bound 8} boundary normals at andy. Let!” andz be the mirror images
#. We now restrict the routing landmarks éto only landmarks that Of / about the tangents to the boundaryzaandy, respectively. We
are further than some threshold distarfedrom d. We also assume find that|dl”| ~ (dl), specifically
?rﬁ’([)\r/]vg fhecl)igt the landmaik such that the ratip for L is the largest |dl”| — |dz|| < |21"| (triangle inequality)

Let o be the center and be the radius of the Apolonius circle of = |ld7] = {dD)] < max{["],[Iz]}0 < 2(s})6.
sd with ratio p, the circleC of all points p satisfying|ps|/|pd| = Now, Asdl” andAsdl’ have two pairs of sides of the same lengths
|Ls]/|ld| = p. Itis well-known thato is on the linesd. Leta andb be  (|sd| and (sl)) and one which differs only slightly (at mo8ts)6).
the intersection of this circle withd, with a is betweensd andb is  The small change in the length implies a small change in tteerial
outside (Figure 12). By the choice 6fthere is no routing landmark angles, more precisely

of d insideC.

From p = |ss|/|sd| = |bs|/|bd], it is easy to see thatial/|db| = st <o MU= 1dUNL o 2(sho 0
(p—1)(p+1) < 1, and thusd is betweena and 0. By Lemma 4, B Ist"[ 7 (sl) T
|da|/|db] < 1/(26%—1) = (1—u)/(1+u), and thugda| < 7(1—u), (multiplying the fraction by2 is far too sloppy, but illustrates the
|do| > Tu, |db] > (1 +u). point). Hencels's”| < 46 - |ss’|.

Let &’ be betweend and o such that|d'b| = 7(1 +u). Let g = So we have bounded the ratio by a multiple of the afgbetween

(|db| — dl])/2. Since there is a disk of radiusempty of landmarks the normals, which we expect to be small if the curvature is. lo
(Figure 12), we have > g > (|d'b| — |d'l|)/2 = 7(14+u —x)/2, Formally, we know that: andy are close — at mostr apart (both

wherez = |d'l|/7 can be bounded as follows. are within 4r from 1) — and we invoke the following well known
Lemma 6: For w as in the statement of Lemma 3,< /w. geometric lemma.
Proof: Supposer > \/w. Then Lemma 7 (Amenta and Bern [14])The angle between the nor-
2? — (1 —u?) mals whose footpoints are at mgst< R/4 apart is at mostlp/R.
cos ¢ > cos ¢’ = >0, It follows that if R > 320r, thend < 4 - 8r/(320r), hence
2z |s's”|/|ss’| < 0.4. Substituting into (4) we find that the one-step
S0 ¢ < 7/2. By Lemma 5,sin¢ > 1 — 1/k = v, and thus stretch is bounded.
9 212 Notice that the proof so far did not assume (or require) guesd
sin? ¢ + cos? ¢ > (@ = (1 —u’))” +v2>1, delivery, as it was concerned only with a single routing sképvever,
4z2 we can use the single-step analysis to prove that even in the
a contradiction. m augmented case the destination is always reached. As inrtke o
SinceR < |dl] < 27, r > R(1 +u — z)/4. From Lemma 6, sided case, it suffices to prove, in the same setting as aliioat,
R/r <4/(14+u—w) = f(). |sd| > |s"d|. But this simply follows by the following chain of
inequalities

C. Proof of Theorem 5

We give only the proof for the case whend, s are real and o N ]
is virtual (Figure 13), the other cases are similar. which is positive, under QUI’ low curvature requirement.

Let - andy be the boundary points where the shortest pattmd Once we have the delivery guarantee, we can extend the epe-st
di cross the boundary. Létbe such thatsl’| = (sl) and|dl’| = (dI) ~ Stretch bound to the entire path. This completes the proof.

Isd| — |s"d] > |sd| — |s'd] — |s's"] > (x — 40)]s5],



