Chapter 5
Geometric Routing in Wireless Sensor Networks

Jie Gao

Abstract This chapter surveys routing algorithms for wireless sensor networks that
use geometric ideas and abstractions. Wireless sensor networks have a unique geo-
metric character as the sensor nodes are embedded in, and designed to monitor, the
physical space. Thus the geometric embedding of the network can be exploited for
scalable and efficient routing algorithm design. This chapter starts with geographical
routing that use nodes’ geographical locations to guide the choice of the next hop
node on the routing path. The scalability of geographical routing motivates more
work on the design of virtual coordinates with which greedy routing algorithms are
developed and applied to route messages in the network. The last section is con-
cerned about data-centric routing, in which a query is routed to reach the sensor
node holding data of interest. Thus the challenge is to discover the “source node”
that possess the data as well as route the message there.

5.1 Introduction

The eternal goal and the most fundamental problem for any types of networks are to
enable efficient information delivery between the peers. A routing protocol, which
establishes routes between a pair of nodes efficiently and correctly so that messages
can be delivered in a timely manner, is an important component of the network
architecture.

Traditional Internet routing achieves scalability by address aggregation, in which
the routes to multiple destinations are summarized by a single routing table entry. In
multi-hop sensor networks, this is not applicable as the node IDs of nearby sensor
nodes are by no means close to each other. However, wireless sensor networks have
a unique geometric character as sensor nodes are embedded in, and designed to
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monitor, the physical environment. Thus the physical locations of sensor nodes have
provided a lot of opportunities to be exploited for efficient and scalable routing
mechanisms in sensor networks.

This chapter surveys two topics in which geometric ideas are used extensively for
routing in wireless sensor networks: point-to-point routing and data-centric routing.

Point-to-point routing is to find routes between source and destination efficiently.
Because of the limited resources available at sensor nodes (communication, power,
and memory constraints), it is important to have a light-weight routing protocol
with low maintenance effort and small state information, in order to be scalable.
The set of routing protocols covered in this survey achieves scalability by using
the geographical locations of the sensor nodes, or virtual coordinates (aka. names)
assigned to the nodes, with which routing is often conducted in a local and greedy
manner.

The second category of geometric routing focuses on data-centric routing, i.e.,
routing to find the data of interest. This is motivated by the application-specific
characteristics of sensor networks and that the node itself is not as interesting as
the data it senses and delivers. In data-centric routing, a query carries a description
of the data types it is looking for and the routing protocol routes the query to meet
the data.

At last we will cover location service and hierarchical routing in sensor net-
works. Location service is an important supporting infrastructure component for
point-to-point routing with geographical coordinates or virtual coordinates. Each
sensor node often comes with an ID, assigned during manufacture, which uniquely
identifies the node but is typically not used to aid routing. A point-to-point routing
scheme often assigns a name or routing address to a node to which a routing proto-
col is applied. In geographical routing, for example, the geographical location of a
node is its routing name. A source routes to a destination with the name of itself and
the name of the destination. Location service is to maintain the mapping of IDs and
routing names and support queries for node names. Location service can be consid-
ered as a special case of data-centric routing, in which the “data of interest” is the
name of the destination given its ID.

This chapter focuses on the design principle and the main idea in each algorithm.
Please refer to the original papers for implementation details and experimental eval-
uations. The typical setting is a large homogeneous sensor network with nearby
nodes being able to communicate directly and far away nodes using multi-hop rout-
ing to communicate with each other. Since many of the routing protocols use the
sensor locations, we first survey background knowledge on localization protocols to
find the locations of the sensor nodes.

5.2 Background

Sensor location information is indispensable for both sensor data integrity and net-
work organization. Traditional approaches to obtain location information include
global positioning systems (GPS) [49]. But GPS is not appropriate for large-scale
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sensor network localization because of its high cost, large form factor, and outdoor
constraints. There has been a lot of study on localization algorithms that derive the
locations of sensor nodes from local measurements including distance and angle
estimations between neighboring nodes [7, 23, 44, 71, 75-77, 86, 87, 89, 91]. The
distance between two communicating nodes can be estimated by received signal
strength indicator (RSSI) or time of arrival (ToA) techniques. Angles between ad-
jacent edges can be measured by multiple ultrasound receivers [80], or directional
antennas and laser transmitters/receivers.

Generally speaking, localization algorithms can be classified as anchor-based
and anchor-free methods. Anchor-based methods assume that a (sometimes large)
number of anchor nodes know their positions already [23,75-77,86,87,89]. The rest
of the sensor nodes derive their positions by using distance or angle measurements
to anchor nodes. In anchor-free methods, no node knows their absolute coordinates.
The output is the relative positioning of the sensors, subject to a global translation
and rotation.

A number of anchor-based localization algorithms use iterative trilateration or
its variants. Anchor nodes obtain their locations by GPS or as prespecified. Then
the other nodes find their locations by trilateration progressively [75, 86, 87]. In
the basic trilateration scheme, a node p can determine its location with distance
measurements to three anchor nodes that are not colinear. Then node p becomes a
new anchor node. See Fig 5.1. Repeat this process until all the nodes are localized.

Similar incremental localization methods can also be done by using angles
[76,77]. For these incremental methods, two issues need to be addressed. One is to
deal with cascading error accumulation in large networks. One can adopt optimiza-
tion techniques such as mass-spring relaxation to smooth out the error distribution,
or, use robust statistics to handle outliers in input measurements [66]. The other
issue is to handle insufficient number of initial anchor nodes. If there are a few an-
chors or the anchors are not well distributed, some nodes may not be able to find
three neighboring anchor nodes to localize themselves. In this case, one can use
distance estimations to anchor nodes via multi-hop paths [75] or adopt collaborative
multi-lateration by solving a larger optimization problem [86, 87].

Fig. 5.1 A node p obtains
its location by trilateration
with distance measurements N 7z ~ _
to three anchor nodes S~ -7
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Fig. 5.2 A connectivity graph with two distinct embeddings having the same set of edge lengths

Existing anchor-free algorithms take either the connectivity graph [89] or the
distances between neighboring sensor nodes [7,42, 71, 91] as input. One major
challenge with this approach is localization ambiguity — when the localization solu-
tion is not unique, localization algorithms may come up with a different embedding
that satisfies all the distance constraints but deviates far from the ground truth. See
Fig. 5.2 for an example. Indeed, with range information local optimization such as
mass-spring relaxation techniques may get stuck at local minima with part of the
network flip over the rest and generate a network layout far away from the ground
truth [24,71].

To deal with localization ambiguity, Moore et al. [71] proposed to use robust
quadrilaterals as the basic iterative operation. A quadrilateral on four nodes with all
pairs of edges is a globally rigid! component with a unique realization. The global
layout is obtained by gluing locally identified robust quadrilaterals. Similarly, with
ideas from rigidity theory, Goldenberg et al. proposed to record, propagate, and ver-
ify multiple possible locations of sensors to discover the truth network layout [42].

Global optimization techniques for sensor network localization include multi-
dimensional scaling (MDS) [9, 89] and semidefinite programming [7, 91]. They
formulate the problem as solving a global optimization problem for the sensor loca-
tions such that the distance constraints are satisfied. The results are typically better
than local optimization algorithms. Similarly, with angle measurements one can for-
mulate a linear program that solves for the node locations [13]. But these algorithms
are centralized solutions. The performances of different localization algorithms have
been evaluated in a Mote-based testbed [104, 105].

From a theoretical point of view, one can formulate the localization problem as
embedding a unit disk graph in the plane if we assume the communication graph
follows the unit disk graph model.> With purely connectivity information, deter-
mining whether a combinatorial graph is a unit-disk graph is NP-complete, and
thus finding such an embedding in the plane (with neighboring nodes embedded
within distance 1 and nonneighboring nodes more than distance 1 away) is also
NP-hard [12]. In fact, even a relaxed version of the problem is still hard. Kuhn et al.
proved that finding an embedding such that nonneighboring pairs are at least 1 away

' A graph is rigid in the plane is one can not continuous deform the shape of the graph without
altering the lengths of the edges. A graph is globally rigid if it admits a unique embedding in the
plane, subject to global rotation and translations.

2 Two nodes within distance 1 are connected by an edge in a unit disk graph.
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and neighboring pairs are within \/3/_2 is NP-hard [60]. Even with distance mea-
surements of neighboring nodes or angle measurements of neighboring edges alone
the problem is still NP-hard [3, 5, 13]. Not much is known on approximation algo-
rithms for unit disk graph embedding. So far the only known theoretical result is
an algorithm with an upper bound O (log*> n,/loglog 1) on the ratio of the longest
distance between neighboring pairs to the shortest distance between nonneighboring
pairs [60]. However, this algorithm uses some heavy graph embedding machinery
and is not practical.

In practice, there have been a number of systems designed for indoor and out-
door localization. Most of them assume some anchors or beacon nodes with known
locations, such as WiFi access points. One prevailing strategy is to use RF finger-
printing a priori to collect signal strength values from different access points tagged
with location information. Then a node can be localized by matching the current
signal strength values it receives from different access points with the RF finger-
prints. A few representative systems include RADAR [6, 58,63, 107], Intel’s Place
lab system [20]. Another category of indoor localization uses directional antennas
and angle of arrival (AoA) to localize a node. In VORBA [78], the anchor nodes
are equipped with rotating directional antennas to estimate AoA information from
packets transmitted from a node to be localized. A simple triangulation approach
is used to find its position. Approaches for indoor localization using other medi-
ums such as ultra sounds (Active Bat [48]), infrared (Active Badge [102]), optical
waves [72] have also been proposed. In this category, a widely known system is the
Cricket [80] system from MIT. It uses ultrasound combined with RF. It uses several
beacons that transmit ultrasound waves deployed on the ceiling of each room in the
building. The nodes receiving these waves infer the range and localize themselves.

5.3 Geographical Routing

Geographical routing was originally proposed by Bose et al. [10], and independently
by Karp and Kung [53] for routing in resource-constrained and dynamic networks
such as ad hoc mobile networks and sensor networks. Further improvement on
worst-case efficiency was proposed in the GOAFR+ family protocols [61, 62]. In
geographical routing, the physical locations of the sensor nodes are used to guide in-
formation routing. Geographical routing has two modes: greedy mode and recovery
mode.

5.3.1 Greedy Mode

In this mode, the node currently holding the packet “advances” it toward the des-
tination, based only on the location of itself, its immediate neighbors, and the
destination. The advance to the destination may be defined in many ways. Examples
are, closest to destination [10, 30, 53,96], most forward within radius (MFR) [96],
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Fig. 5.3 (i) In the greedy forwarding mode, x sends the packets to y, the neighbor closest to the

destination D; (ii) x is a local minimum whose neighbors are all further away from the destination
D than x itself

nearest forward progress (NFP), nearest closer (NC) [95], geographic distance rout-
ing (GEDIR) [94], and compass routing [57]. The most popular way of defining the
advance is to examine the Euclidean distance to the destination and select the next
hop as the node closest to the destination, as shown in Fig.5.3. The greedy rout-
ing often suffices to deliver a packet in a dense network, but may fail in a sparse
network. For example, the packet may reach a node called a local minimum whose
neighbors are all further away from the destination than itself, as shown in Fig. 5.3.

5.3.2 Recovery Mode

When the greedy mode fails to advance a packet at some node, the routing process
is converted to the recovery mode. The recovery mode defines how to forward the
packet at a local minimum, to guarantee delivery of the packets. Some examples of
the methods to get out of the local minimum are simple flooding [94], terminode
routing [8], bread-first search or depth-first search [51], face routing algorithm [10],
and perimeter routing [53].

Here we use a specific routing protocol, the greedy perimeter stateless routing
(GPSR) protocol [53], to explain the two modes in detail. In the greedy mode, a
node forwards the packet to its neighbor who is closest to the destination. The packet
may reach a local minimum whose neighbors are all further away from the destina-
tion than itself. To get out of the local minimum, the protocol maintains a planar
and connected subgraph, e.g., Gabriel graph (GG) or relative neighborhood graph
(RNG) (see Fig.5.4).

When a packet gets stuck, the recovery mode applies routing along the faces of
the subgraph that intersect the imaginary line between the source and the destina-
tion (Fig 5.5). When the message reaches a node closer to the destination than the
node where it enters the recovery mode, greedy routing is adopted again. Greedy
routing combined with the perimeter routing guarantees the delivery of a packet to
the destination if there is a path. This recovery mode has been independently dis-
covered by Bose as the face routing algorithm [10]. The construction of the planar
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Fig. 5.4 In RNG, the edge uv is included unless there is a node w in the intersection of the two
disks centered at u, v with radii equivalent to the Euclidean distance between u and v. In GG, the
edge uv is included unless there is a node w in the disk with u, v as diameter. Both RNG and GG
are planar subgraphs of the communication graph, modeled as a unit disk graph

D

Fig. 5.5 Perimeter routing along the faces of a planar graph from x to the destination

graphs as well as the routing decisions requires localized decisions with only the
information of neighboring nodes. This makes geographical routing very attractive
for large-scale networks as the state information maintained in each node and in the
packet is nearly minimal.

The recovery scheme with face routing or perimeter routing works nicely in the-
ory but encounters a few problems in practice. The correct construction of a planar
subgraph assumes accurate location information that is hard to obtain, and that the
communication graph is modeled by a unit disk graph, which is not true in prac-
tice. Experimental evaluations of the communication model on sensor nodes reveal
various spatial and temporal radio irregularities [38, 110]. Close-by nodes may not
be able to communicate directly while some long and high-quality links may exist.
Over time link quality also varies. In practice, the relative neighborhood graph or
Gabriel graph extracted may become disconnected or still contain crossing edges, as
shown in [55,88]. This subsequently causes the delivery rate drop to about 68% on a
real testbed [55]. Later, a number of repair mechanisms propose to remove crossing
links by probing techniques [45, 54, 55]. These mechanisms improve the delivery
rate with extra processing.

Another problem of face routing, especially in a sensor field with big holes, is
that the routes are likely to be “hugging” the hole boundaries. Thus the nodes on
the hole boundaries experience higher traffic than the average. The load imbalance
may cause the boundary nodes run out of battery earlier than the others, enlarging
the size of the holes and/or disconnecting the network.

To summarize, the challenge of localization and extracting a planar subgraph
and the problem of traffic accumulation on the hole boundaries are the two major
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motivations to move beyond geographical routing and design virtual coordinates
that still retain the good properties of geographical routing, including the localized
routing algorithm, near minimum state information, and robustness to topological
changes and node failures.

5.4 Routing with Virtual Coordinates

5.4.1 Virtual Coordinates

5.4.1.1 NoGeo

NoGeo [81], by Rao et al. is one of the earliest proposals for efficient geometric
routing with virtual coordinates. When sensor locations are not available, the idea is
to generate virtual coordinates for the sensor nodes and apply standard geographical
routing on these virtual coordinates. The virtual coordinates are defined with respect
to the network connectivity, in particular, are produced by the rubberband represen-
tation of a graph [67]. To get a rubberband representation, some nodes (preferably
on the network perimeter) are given fixed locations, each node (that is not fixed)
runs an iterative algorithm to put itself at the center of mass of the neighbors’ cur-
rent locations. At each iteration, a node’s location is updated as the average of the
neighbors’ current locations:

> X >V
JENG) JENG)
i = ; i =

n; n;

where (x;, y;) is the current location of node i, N(7) is the set of neighbors of node
i and n; = |N;|. This algorithm is known to reduce the total energy of the system, if
all the edges are considered as rubberbands, and converge to a unique drawing what
is called the rubberband representation.

When the nodes on the perimeter are identified but their locations are unavailable,
a bootstrap stage is introduced to first embed the nodes on the perimeter. Each node
on the perimeter floods the network and every other node on the perimeter records
the minimum hop count distance to all other nodes on the perimeter. Now each
node on the perimeter runs the following optimization to find an embedding that
minimizes the sum of squared difference between the embedded pairwise distances
and the hop count measurements:

min Y [ j) —d(i. )],

i.jeP

where P is the set of nodes on the perimeter, 4 (i, j) is the hop count between two
perimeter nodes i, j and d (i, j) is the distance of 7, j in the embedding to be found.
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This optimization can be solved by running a standard multidimensional scaling
algorithm [9] at each perimeter node.

Last, if the nodes on the perimeter are not known, we can identify them in the
following manner. A couple of nodes, chosen arbitrarily, are designated as the boot-
strapping beacons. They flood the network and the nodes with maximum hop count
values within 2-hop neighborhood are identified as perimeter nodes.

As the virtual coordinates have no reason to be close to the real locations, only
the greedy algorithm is applied for routing on these virtual coordinates. When a
packet gets stuck at a node u, scoped flooding is adopted to deliver the packet. In
particular, # performs a restricted flooding scheme and floods the network with TTL
initially set to 1. Only the nodes within TTL-hops from u receive the message. TTL
is then doubled each time until the destination is reached.

The performance of greedy routing on the constructed virtual coordinates is
shown in [81] on a number of topologies. Surprisingly, the greedy forwarding
scheme is quite robust and achieves a high delivery rate given sufficient node den-
sity. When the network has big holes due to obstacles, the performance of greedy
routing on virtual coordinates can be even better than the performance of routing on
true locations. Intuitively, this is because the virtual coordinates, derived from the
network connectivity, reflect the network connectivity better than the true geograph-
ical locations.

54.1.2 Greedy Embeddings

A few theoretical work motivated by NoGeo asks whether one can find an em-
bedding of a given graph in the plane such that greedy routing is guaranteed to
work [19,79]. Such an embedding is called a greedy embedding. In other words,
for every pair of nodes p, g, there is a neighbor of p whose distance to g is smaller
than the distance from p to ¢. It is known that not every graph admits a greedy
embedding, such as a star with 7 leaf nodes [79]. Some graphs are known to have
a greedy embedding, for example, graphs with a Hamiltonian path, any complete
graphs, any 4-connected planar graphs (as they have Hamiltonian paths [97]), and
any Delaunay triangulations. It still remains open to fully characterize the class of
graphs that admit a greedy embedding.

Papadimitriou and Ratajczak [79] made the following conjecture that any planar
3-connected graph? has a greedy embedding in the plane. They show that a planar 3-
connected graph has an embedding in 3D such that with a special distance function
greedy routing always works. This is due to a famous graph theory result that a 3-
connected planar graph is actually the edge graph of a 3D convex polytope [111].
Thus one can find a distance function to route along the surface of this convex
polytope that guarantees delivery. Raghavan Dhandapani discovered that any planar
triangulation admits a greedy embedding in the plane for which greedy forwarding
always succeeds [22].

3 A graph is 3-connected if it remains connected after the removal of any 2 nodes.
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Recently the 3-connected graph conjecture was proved to be true by Leighton
and Moitra [64], and independently by Angelini et al. [2]. Later the algorithm in
[64] was improved such that the coordinates use O(log n) bits for a graph with n
vertices [43].

A recent observation by Kleinberg [56] shows that if we use hyperbolic space
then greedy routing becomes easy. He showed that any connected graph has an
embedding in the hyperbolic space such that by using the hyperbolic distance greedy
routing from any node to any node always succeeds. The intuition is to embed a
tree in a hyperbolic space such that greedy routing works on the tree. Since any
connected graph has a spanning tree, greedy routing works for all connected graphs.
This observation also leads to a distributed algorithm to assign virtual coordinates
to the sensor nodes in a hyperbolic space.

5.4.1.3 Virtual Polar Coordinate Routing (GEM)

Virtual polar-coordinate routing (GEM), proposed by Newsome and Song [73], con-
structs a polar coordinate system as the virtual coordinates for the sensor nodes.
Specifically, take a spanning tree on the sensor nodes and give each node a polar co-
ordinate with respect to its position in the tree. A node’s virtual coordinate includes
two components: its /evel, i.e., minimum hop count to the root of the tree, and its
angle range. The root of the tree is given the largest angle range, e.g., from 0 to
216 _ 1. The child of a node p is given a subset of the range of p, proportional to
the size of its subtree. The angle ranges of two children do not overlap (Fig. 5.6).
With this polar coordinate system the following greedy routing scheme, named
the virtual polar coordinate routing (VPCR), is used to deliver messages from one
node to another. In VPCR, a node checks its 1-hop neighbors to look for any node
that is “closer” to the destination. The “closeness” or distance of two angle ranges
is defined as the minimum distance between two angles in the respective ranges. If
a node does not find any neighbor closer to the destination, then the packet is routed
to the parent. Notice that when the packet reaches the root of the tree, the packet is
delivered down the tree structure to the child whose subtree contains the destination.
Therefore, the algorithm eventually delivers the message. Similar with NoGeo [81],
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Fig. 5.6 (i) The polar coordinate assignment; (ii) Virtual polar coordinate routing
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GEM also maintains the constant storage requirement and O(1) state information
in the packets, as well as the localized routing steps.

One issue with the polar coordinates is that traffic tends to accumulate around the
root of the tree and its neighborhood. To alleviate this, multiple trees can be con-
structed and a packet is routed randomly on one tree and the set of polar coordinates
associated with it.

5.4.1.4 Face Tracing

Motivated by the challenges of extracting a planar subgraph from the communica-
tion network for face routing with geographical locations, Zhang et al. proposed
to define a “face” in a generic way and conduct face routing on an arbitrary graph
[108]. At each node v, a fixed and arbitrary cyclic ordering of the adjacent edges is
defined, and named as a “rotation”. Each edge of v is given an index as an integer
from O to d — 1, where d is the degree of v. The edge vw with index i 4 1 is said to
follow the edge vu with index i. The edge with index O follows the edge with index
d — 1. An edge uv has two directions, one is from u to v and one is from v to u.
With a fixed rotation scheme on the vertices, one defines a “face” by traversing the
edges following the rotation scheme. For example, start with a directed edge uv, the
adjacent edge on the face is determined as the next edge at v following the rotation
scheme at v. See Fig. 5.7. The face tracing algorithm visits v from the directed edge
uv and takes the next edge vw by the cyclic index ordering at v.

The face tracing algorithm traces a sequence of directed edges by following the
orderings of the rotation schemes at the vertices involved, and stops when the first
directed edge is encountered again. Note that the first directed edge that is encoun-
tered the second time by the face tracing algorithm must be the first edge on the
sequence, i.e., no directed edge can appear twice on a face boundary — if a different
directed edge say vw is encountered the second time during face tracing, then the
preceding edge uv must have been encountered twice as well, as the only way to take
the edge vw is to come from the edge uv unless vw is the first edge on the sequence.
Thus each face traced by the algorithm is a closed cycle of directed edges.

Fig. 5.7 Following the rotation scheme at each vertex, traversing a directed edge finds a face
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Notice that the face tracing algorithm requires nothing beyond a fixed but arbi-
trary ordering of the edges at each vertex. Thus it works fine on a general graph and
does not assume unit disk graph model. The face tracing algorithm is performed as
a preprocessing phase to discover all the faces adjacent to each node. Each face is
given a face ID. Now, routing with geographical coordinates consists of the stan-
dard greedy routing mode and the face tracing mode. When a message gets stuck
at a node u, unable to make progress towards the destination, it enters the face trac-
ing mode and traverses the graph by following a face adjacent to u. If the message
discovers a node closer to the destination than u, it leaves the face tracing mode
and returns to greedy routing mode. Otherwise, the message is routed to an adjacent
face, that is, a face that shares an edge with the current face. The message saves
the IDs of the faces it has visited, and hops from face to face until either it reaches
the destination or traverses the whole graph and declares there is no path to the
destination.

Different from the approach of using probing to remove crossing edges in an
unsuccessful planar graph subtraction [45, 54, 55], the face tracing technique does
not remove any links in face routing mode.

5.4.2 Landmark Routing

A number of virtual coordinate routing systems are landmark-based [16,26,32,74].
The idea of using landmarks for generating node names or addresses and routing
in large networks appeared two decades ago, such as the landmark hierarchy by
Tsuchiya [100]. We will discuss hierarchical routing in Sect. 5.6. All the landmark-
based routing schemes described below have a two-level hierarchy.

In sensor network setting, a small subset of the nodes is selected as landmarks.
The landmarks flood the network and every node records its hop count distances to
these landmarks. The landmark distances are then used to generate virtual coordi-
nates for routing between the nodes. Routing is typically guided in a greedy way by
a potential function on the landmark-based distances. The major differences among
the following schemes are mostly in the design of the potential functions, as will be
explained later.

Landmark-based schemes are favored by their simplicity and independence on
the dimensionality of the network. Unlike face routing in planar graphs that requires
a planar deployment of sensor nodes, landmark-based routing schemes can be easily
extended to sensors deployed in 3D.

5.4.2.1 Gradient Landmark-Based Routing (glider)

Gradient landmark-based routing (glider) [26] is concerned with routing in a sensor
network with a few big holes or an irregular shape. It separates global and local
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routing by encoding the global topology of the network with a compact combinato-
rial graph, which provides a rough global routing guidance. The actual route with the
global guidance will be realized with a greedy routing rule based on the landmark
distances.

In glider, a number of landmarks are selected and the network is partitioned into
Voronoi tiles such that all the nodes inside the same tile are closest (in terms of hop
count distance) to the same landmark. Two Voronoi tiles are adjacent if there are two
neighboring nodes in different Voronoi tiles. The tile adjacency graph, denoted by
the combinatorial Delaunay graph, is abstracted and disseminated to all the nodes,
for global routing across tiles. Figure 5.8 shows the landmark Voronoi diagram and
the dual combinatorial Delaunay graph.

Each node p is given a virtual coordinate for routing. Once the Voronoi tiles are
partitioned, each node belongs to a Voronoi cell. We call that cell the resident tile of
the node, and we call its landmark the home landmark. Nodes with equal distance
to multiple landmarks will choose the landmark with smallest ID as the home land-
mark. The neighbors of p’s home landmark on the combinatorial Delaunay graph
are called the reference landmarks. The name of a node includes the ID of its home
landmark, and the list of hop count distances to its reference landmarks. Notice that
the name of a node is locally defined by the nearby subset of landmarks.

To route to a node in a different tile, a node first consults with the combinatorial
Delaunay graph to find a sequence of tiles to visit. The actual routing across tiles
is called inter-tile routing and can be implemented with the virtual coordinates of
a node itself and its neighbors. Recall that every node has the minimum hop count

Fig. 5.8 Landmarks are shown by large squares. Sensor nodes are shown as small dots. The nodes
are divided into tiles. All the nodes in the same tile are drawn in the same color. The dark nodes
are the boundaries of the tiles
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Fig. 5.9 Routing across tiles: to route toward the tile of u, the packet is delivered in a greedy
fashion towards the adjacent landmark u» until it enters the tile

information to its reference landmarks. Thus a packet destined to an adjacent tile
is routed toward the landmark in that tile, in particular, forwarded to the neighbor
whose hop count distance to the landmark of that tile is reduced. See Fig. 5.9. When
a packet enters the next tile, it checks whether this tile contains the destination. If
not, inter-tile routing is used again to route to the next transit tile. We remark that
such transition happens when the packet first enters a tile, and thus the packet does
not necessarily go through the landmarks in the transit tiles.

To route to a node in the same tile, the packet is guided by greedy descending on
a potential function constructed with distances to a set of local landmarks (including
the home landmark and the reference landmarks), denoted by {u, u5, ..., ux}. For
any node p, let t(p, u;) denote the minimum hop count distance between p and u;.

k

Let T(p) = Y. t(p,u;)*/k as the mean of the squared distances. We then assign
i=1
to p the centered virtual coordinate vector

C(p) = (x(p.u1)* =T(p)..... t(p.ur)* = T(p)).

The centered virtual distance between two points p and ¢ is then defined as
d(p.q) = |C(p) — C(q)|>. Given a destination ¢, our greedy routing algorithm
chooses the neighbor r of p, which minimizes d(r, ¢). That is, we move packets by
greedy minimization of the Euclidean distance to the destination, measured in the
virtual coordinate system. This algorithm is local and efficient since only the virtual
coordinates of the neighbor nodes are needed.

The selection of the centered virtual coordinate vector is motivated by the fact
that the variant in the continuous domain is free of local minimum as long as there
are at least three local landmarks that are not colinear. The subtraction of the mean
from the squared distance vector in the centered virtual coordinate is important. As
shown in Fig. 5.10 if we do not subtract the mean (i.e., define the virtual coordinate
vector as the squared distance vector) routing may get stuck at local minimum.
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Fig. 5.10 The distance function for landmark-based greedy routing. There are three landmarks
marked by snowflakes. The destination is marked by a + sign. The color of a point represents
its distance to the destination with respect to uncentered coordinates and centered coordinates,
respectively. Note the local minimum in the uncentered case

In a discrete network inter-tile routing is always successful but intra-tile routing
with the centered virtual coordinate vector may still get stuck, if the sensors are
distributed sparsely. Experiments show that when the randomly distributed nodes
have on average about 6 or more neighbors the delivery rate is close to 100%. In the
worst case when a packet arrives at a local minimum, the node can simply flood the
tile containing the destination to deliver the message.

To summarize, glider separates the global routing (how to get around holes) and
local routing (to deliver a packet to the destination) by the two-level hierarchy. In
many of the real-world situations where sensor networks may be deployed, the topo-
logical features of the layout (e.g., holes) will be only a few and will mostly reflect
the underlying structure of the environment (e.g., obstacles). Moreover, this rela-
tively simple global topology is likely to remain stable: nodes may come and go,
but such spontaneous changes are unlikely to destroy or create large-scale topologi-
cal features. It follows, since the global topology is stable, that we can afford to carry
out proactive routing at the abstract combinatorial Delaunay graph level and realize
the high-level routes as actual paths in the network by using reactive protocols by
greedy routing with the virtual landmark-based coordinates.

The design principle of glider hinted that the landmarks should be selected to
capture the global topology of the sensor field. Thus the number of landmarks is
likely to be dependent on the topological complexity, such as the number of holes
in the sensor field, rather than the number of sensors. A very recent work [40] in-
vestigated this problem in a continuous domain and established criteria on how the
landmarks are placed to guarantee that the combinatorial Delaunay graph (or its
continuous variant, the geodesic Delaunay triangulation) represents the exact topol-
ogy of the underlying (unknown) domain. In companion, a distributed algorithm on
how the landmarks are selected in a sensor network setting is also proposed in [40].
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5.4.2.2 Beacon Vector Routing (BVR)

Beacon vector routing (BVR) [32] is another landmark-based routing scheme that
has received significant attention. It uses a potential function that depends on the
distances to the k landmarks closest to the destination, where k is a system pa-
rameter. Out of the k landmarks, the ones that are closer to the destination than to
the source impose a “pulling” force while the rest impose a “pushing” force. The
potential function is a combination of the two.

For the destination node ¢, let t(p, u;) denote the minimal hop count between
q and a landmark u;. Denote by Ci(q) as ¢’s k closest landmarks. Denote by
CkJr (p,q) € Ci(q) as the subset of landmarks that are closer to ¢ than p; and
C. (p.q) € Ci(q) as the subset of landmarks that are further away from ¢ than p.
The potential function §(p, ¢) is defined as

S(p.)=A4 Y [tpu)—tlqu)l+ Y. [t(g.u)—t(p.unl,

i€t (p.g) i€Ci(p.g)

where A is a parameter taken as 10. The greedy routing chooses a neighbor that
minimizes the above potential function to the destination. When the greedy routing
gets stuck, the message is delivered to the landmark closest to the destination, from
where a restricted flooding with increasing scope is performed to deliver the packet.

Although the potential function design is a heuristic, the algorithm works well as
evaluated in simulations. BVR has been selected in a number of cases as a compar-
ison benchmark [70, 74].

5.4.2.3 Greedy Landmark Descent Routing (GLDR)

Greedy landmark descent routing is recently proposed by Nguyen et al. [74],
which, combined with a landmark selection strategy, guarantees packet delivery
with bounded stretch in the continuous domain.

The landmarks are selected to be an r-sampling: any node is within hop count r
from a landmark. These landmarks are chosen by a distributed algorithm running in
parallel on all the nodes. Each node waits for a random period of time and declares
itself to be a landmark, if it has not been suppressed by other landmarks. Once it
becomes a landmark it notifies its r-hop neighbors and suppresses all nonlandmark
nodes. This generates an r-sampling and depending on the parameters of the random
waiting time the number of landmarks selected can be controlled.

Similar to BVR, a node’s virtual coordinate is defined as the distance vector to a
small set of nearest landmarks called the addressing landmarks. To route a packet
to its destination, the source node chooses, among the destination’s addressing land-
marks, the one that maximizes the ratio of the distances to source and destination,
and moves toward this landmark until it reaches a node with the same hop count to
this landmark as the destination. At this point, the routing procedure is repeated and
a different landmark is chosen until the destination is reached. An example is shown
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Fig. 5.11 Greedy landmark descent routing. The source s chooses the landmark # and routes to-
ward it until the distance to u1 equals the distance from the destination ¢ to u 1. The same procedure
is repeated until the destination ¢ is reached

in Fig. 5.11. This scheme is known to always work in the continuous domain and
generates a path with constant bounded stretch. In a discrete network it may hap-
pen that the packet gets in a loop, which can be detected by checking the last few
landmarks toward which the packet moves. When this happens the packet is greed-
ily forwarded to the destination using L; and L., norms on the distance vectors of
the addressing landmarks. If the destination is still not reached, a scoped flooding is
used to deliver the packet.

The landmark selection scheme by using r-samplings is of independent interest
and can be useful for other landmark-based routing schemes. For example, when
the landmarks are selected as an r-sampling rather than a random sampling, BVR
has improved delivery rate [74].

5.4.2.4 Macroscopic Geographic Greedy Routing

Funke and Milosavljevic proposed Macroscopic Geographic Greedy Routing that
combines the idea of glider and geographical routing to account for inaccurate lo-
cation information and small network holes and irregularities [36,37]. In glider, a
sparse set of landmarks is selected to capture the big topological features of the
sensor field; the combinatorial Delaunay graph on the landmarks is distributed to
every node for global routing guidance. In Macroscopic Geographic Greedy Rout-
ing, a dense set of landmarks is selected and the combinatorial Delaunay graph is
not distributed to all the nodes but rather used for geographical routing.

The idea is to extract a planar subgraph of the combinatorial Delaunay graph and
embed it in the plane. Each node v is given a name consisting of the home landmark,
i.e., the landmark whose Voronoi tile contains v, and its unique ID. The intratile
and intertile routing are implemented in the following way. For intratile routing,
since the landmarks are dense and each tile has only a constant number of nodes,
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the packet is simply flooded to all the nodes in the destination tile. For intertile
routing, the packet is guided to the next tile whose home landmark is closer to the
destination in terms of Euclidean distance. In other words, the next landmark is
chosen by geographical greedy forwarding and the intertile routing in glider is used
to route a packet to that adjacent tile. When the current home landmark does not
have a neighboring landmark closer to the destination, perimeter routing is adopted
to route on the planarized combinatorial Delaunay graph.

To summarize, the planarized combinatorial Delaunay graph and its embedding
are used to navigate in the sensor field. This approach can be considered as in
between glider and geographical routing. As the landmarks are reasonably sep-
arated, the navigation is robust to low-level network link variations and location
inaccuracies.

5.4.2.5 Small State Small Stretch Routing

Mao et al. [70] adopted the idea of compact routing schemes (by Thorup and Zwick
[98,99]) for routing in sensor networks. The basic idea is to select about O(+/n)
landmarks. These landmarks flood the network and every node records the hop count
distances to these landmarks. Denote by u(p) the landmark that is closest to p and
r(p) the distance from p to u(p). Each node p identifies its cluster C(p), consisting
of the nodes ¢ whose distance to p is within distance r(g), i.e., all the nodes that
are closer to p than their closest landmarks. For every node p, it maintains a routing
table with hop count values to all the landmarks and the nodes in its cluster C(p).
The routing algorithm is a greedy algorithm with the following rules:

e If the destination ¢ is inside the cluster C(s) of the source s, then s routes to ¢
directly with its routing table.

e If the destination ¢ is outside the cluster C(s) of the source s, then s first routes
the packet toward the landmark closest to 7. When it encounters a node with
routing table entry to 7, the packet is delivered to 7.

One can see that this routing algorithm guarantees delivery — ¢ is within the clus-
ter of its closest landmark u(¢), thus the packet will eventually get to a node who
has a routing table entry for 7, from where the packet is guided by the local routing
tables to the destination. In addition, the length of the routing path is within a factor
of 3 of the minimum hop count distance between the source and the destination. De-
note by t(p, ¢) the hop count distance between p and g. If the destination is within
C(s), the packet is delivered through the shortest path with the help of the routing
tables. If the destination is outside C(s), as shown in Fig.5.12, t(s,t) > ©(¢, u(¢)).
Thus the packet is routed toward u(#). Suppose on the way to u(¢) the packet arrives
at a node p whose cluster contains the destination . We have ©(s, p) < t(s, u(t)),
(p,t) < t(u(t),t). Now the length of the routing path is
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When the sensor nodes are uniformly deployed, one can place about O(4/n)
landmarks uniformly such that the size of the cluster for each node is roughly
O(+/n) as well. Thus the size of the routing table is in the order of O(+/n), with
which a worst-case stretch 3 path can be established for any pair of nodes.

To conclude this subsection, we surveyed a set of representative ideas in using
landmarks to define virtual coordinates for greedy routing in a sensor network.
A few other protocols with similar ideas to some of these were not covered in details
here. For example, Caruso et al. [16] used three landmarks and a heuristic potential
function for routing in a sensor network. Wattenhofer et al. [103] studied the place-
ment of landmarks for routing in special graphs such as rings, grids, trees, butterfly
graphs, and hypercubes. At last we remark that these landmarks are mainly used as
points of reference, and do not serve the functionalities of gateway nodes (which
tends to attract network traffic). After the establishment of the virtual coordinates
the landmarks typically behave in the same way as the other nodes.

5.4.3 Medial Axis-Based Routing

The medial axis-based routing, proposed by Bruck, Gao, and Jiang [14], considers
a setting similar to the setting in glider, in which the sensors are uniformly deployed
in a geometric region with possible obstacles or irregular shape. Again the global
topology of the sensor field is captured for global routing guidance, the difference
is in the use of the medial axis of the underlying sensor field for this purpose.

The medial axis of a sensor network is identified as the set of nodes with at least
two closest nodes on the network boundary. A point on the medial axis is called a
medial vertex if it has three or more closest nodes on the network boundary. See
Fig.5.13 for an example. The medial axis is a “skeleton” of a region that captures
all the topological features, such as how many holes there are and how they are
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Fig. 5.13 An example of the medial axis of the boundary of a closed region R (only the part of
the medial axis in the interior of R is shown). dR is shown by thick curves. The medial axis 4 has
a cycle, which means that the region R has a punched hole. (i) The naming scheme. (ii) Routing
from p to g by the road system

connected. For the purpose of routing, the medial axis is represented by a medial
axis graph (MAG), which is a combinatorial graph connecting the medial vertices,
and has a size proportional to the number of large geometric features. This medial
axis graph is very compact and is known to every sensor. For example, the me-
dial axis graph of Fig.5.13 has two medial vertices, one edge and one self-loop.
The construction of the medial axis requires the detection of nodes on the network
boundaries (or hole boundaries), for which there exist distributed and efficient algo-
rithms [25,28,29,33,35,41,59,101]. The nodes on the medial axis can be identified
through local flooding. Specifically, each boundary node initiates the flooding of a
message, which contains its ID and a counter that records how many hops the mes-
sage has traveled. If a node receives a packet from a boundary node that is further
away from its current nearest boundary node(s), it stops forwarding this packet. If
the boundary nodes initiate their flooding at approximately the same time, and each
packet travels at approximately the same speed, then a packet is dropped once it
reaches the medial axis. This approach cuts down the total number of packets de-
livered and keeps the total communication cost low. As a result, each node learns
its nearest boundary node(s) and can determine whether it itself is on the medial
axis. After the construction of the medial axis, we let a node flood the network,
pull the information about the medial axis, and construct the abstracted medial axis
graph. This graph is then broadcast to every sensor. In addition, each node on a me-
dial edge remembers which medial edge it stays on, its neighboring nodes on that
medial edge, and how many hops it is from each endpoint of the medial edge.
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With the medial axis constructed, each node is given a name with respect to the
medial axis graph, defined by the closest node on the medial axis and the hop count
distance from it. For each sensor w on the medial axis, we define a chord as the short-
est path (tree) from w to its closest sensor nodes on the boundary. A sensor’s name
includes the chord on which it stays, and a normalized distance to its corresponding
medial axis node. See point p in Fig.5.13. Such a naming scheme partitions the
sensor field into canonical regions inside each of which a local Cartesian coordinate
system is defined with one axis as an edge of the medial axis graph and the other
axis as a chord of a vertex on that medial axis edge. The local Cartesian coordinate
systems are glued together in exactly the same way as indicated by the edge adja-
cency of the medial axis graph, and provide a smooth and natural road system for
efficient point-to-point routing. To help a packet route from one canonical piece to
an adjacent one, we also establish a Polar coordinate system around each medial
vertex, see node ¢ in Fig.5.13.

For a node to find a route to the destination, it only needs to know the medial axis
graph and the name of the destination. Routing is first planned on the abstract me-
dial axis graph, which is usually of a small size, and then realized in each canonical
region by reactive local gradient descent routing. By using the medial axis graph in
a global planning step, a source can find the reference path, defined as the shortest
path in the medial axis graph, from the node in the medial axis corresponding to
the source to the one corresponding to the destination. The actual routing rule is
of Manbhattan-type, i.e., first trying to match the medial axis point with that of the
destination and routing in parallel with the reference path, and then trying to match
the distance to the medial axis point with that of the destination and routing along
chords. Both routing in parallel with the medial axis and along chords can be re-
alized by efficient local gradient descending in the local coordinate systems of the
canonical regions. See Fig. 5.13.

We show in Fig. 5.14 an example of a sensor network with a few large holes, the
medial axis and the medial axis graph. Figure 5.15 shows the path generated by the
medial axis-based routing and the path generated by GPSR. The medial-axis based
routing scheme has accumulatively more balanced traffic load on the sensor nodes
as routing paths are not converging to hole boundaries in such a complex network.

5.4.4 Ring-Based Routing Scheme

The geometric schemes we discussed so far use the fact that the sensors are typically
deployed densely in a 2D region, to provide sufficient coverage and sensing resolu-
tion. A ring-based routing scheme, recently proposed by Caesar et al. [15], reduces
the problem to routing in a 1D ring.

In virtual ring routing (VRR), the nodes are given arbitrary identifiers and orga-
nize themselves into a virtual ring in the cyclic increasing order of their IDs. Each
node maintains r adjacent neighbors on the ring (r/2 neighbors clockwise and r/2
neighbors counter-clockwise). These neighbors are called virtual neighbors of a
node, to be differentiated from its physical neighbors that are directly connected by
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Fig. 5.14 The medial axis and the chords (shortest path tree rooted at nodes on the medial axis).
The obstacles (holes) are colored in yellow
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Fig. 5.15 The path generated by the medial axis based routing (/ef), in comparison with that of
geographical routing (right)

wireless links. Notice that the virtual neighbors are by no means physically close.
In virtual ring routing, the routes from a node to each of its virtual neighbors are
established and stored in the routing tables of the nodes on the routes. See Fig. 5.16.
These paths are called vsez-paths and will be maintained when the network topology
changes. Specifically, each node p maintains a routing table with the following
entries (S;, 7;, next hop toward S;, next hop toward 7;), for each pair of virtual
neighbors (S;, T;) whose path goes through p.

When a packet is routed to the destination, if the source node has a routing table
entry for the destination then the packet will be delivered accordingly. Otherwise,
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Fig. 5.16 (i) Virtual ring and the virtual neighbors of node 5. (ii) The actual paths between node
5 and its virtual neighbor 4, and node 10 and its virtual neighbor 11 in the real network. All the
nodes on the paths maintain routing table entries for these paths

the source s checks its routing table and picks the path endpoint g closest to the
destination ID on the virtual ring. The packet is forwarded to the next hop toward g.
At the next node this operation is repeated. One can see that with the virtual paths
stored in the network one can route from any node to any node — in the worst case
the packet can follow the virtual ring to reach the destination. The actual perfor-
mance can be better as each node also maintains routing information for the virtual
paths that go through it. Intuitively, a node is routed toward the node closest to the
destination in the ID space (on the virtual ring), although that node might be in a
completely different direction from the destination. But the nodes close to the des-
tination on the virtual ring have routing table entries to the destination. Thus the
algorithm routes a packet to some nodes with more knowledge of the destination. In
fact, it often happens that a packet does not have to visit the virtual neighbors of the
destination before it finds routing information to the destination. Simulation results
show that the routing path actually has on average a small stretch compared with the
shortest paths.

During the network initialization, the virtual paths can be constructed incremen-
tally without flooding the network. The control messages to build a new virtual path
are routed with the current virtual paths. Any path failures caused by node mobility
or topological changes are repaired in a similar way by using the remaining virtual
paths, to adapt to network dynamics.

5.5 Information Discovery and Data-Centric Routing

In data-centric routing, a node poses a query for data of certain types, and the routing
algorithm routes the query to retrieve the relevant data in the sensor network. Data-
centric routing is fundamentally different from traditional routing paradigms as the
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problem is not only concerned about getting a packet from a source node to the
destination node, but also involves the discovery of the destination, i.e., the sensor
nodes that have the required information. This can be formulated as the problem of
information brokerage that specifies how data are collected, processed, and stored as
well as how queries are routed to discover the relevant data. The problem is to match
information producers (also known as sources), which perform data acquisition and
event detection, with information consumers (also known as sinks) that search for
this information.

This problem in sensor networks is initiated in the work, directed diffusion, by
Intanagonwiwat, Govindan, and Estrin [50]. Sensor nodes locally process sensing
data and organize it by attribute-value pairs. A node requests data by sending out
interests for the named data. The interests are disseminated in the network. Once the
data matching the requested interests is discovered, it is delivered back to the query
node. The intermediate nodes may also cache interests and reinforce certain routes
from data sources to the query node. A similar routing paradigm is also adopted
in TinyDB [69] to support query of aggregated information of the distributed data.
A SQL-style query is disseminated to all the nodes in the network during which a
tree rooted at the query node is established. As the data are delivered back to the
root, it is aggregated at the internal nodes. In this approach, little collaborative pre-
processing is performed. Thus the discovery of the desired information usually relies
on flooding the network. This approach targets at infrequent queries for streaming
data type so that the cost of flooding can be justified and amortized by the following
long-term data delivery.

5.5.1 Geographical Hash Tables

A parallel approach to data-centric routing is to adopt data-centric storage that tar-
gets at large-scale networks with many simultaneously detected events that are not
necessarily desirable for all users [83,90]. The idea is similar with Distributed Hash
Tables (DHTs) on the Internet [82, 84,92, 109]. A producer leaves data on ren-
dezvous nodes for consumers to retrieve. Thus data across space and time can be
aggregated at rendezvous nodes.

In geographical hash tables (GHTs) [83], data are hashed by data type to geo-
graphical locations. The nodes close to the hashed location serve as rendezvous
nodes. The consumer applies the same hash function and retrieves data from the
same set of rendezvous nodes. Data and query delivery to the rendezvous nodes is
implemented by geographical routing such as GPSR [53]. Specifically, each piece
of event, based on its data type, is hashed with a content-based hash function to a
geographical location. This hashed location may not have a sensor node right there.
The node geographically closest to the hashed location is considered as the home
node. Then the event is routed with GPSR toward the hashed location. This packet
will eventually reach the home node, by the property of geographical routing. At the
home node, GPSR will not be able to find a neighbor closer to the hashed location
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and thus enter the perimeter mode to tour the face on which the home node stays.
This face is named the home perimeter. The nodes on the perimeter, other than the
home node, are named the replica nodes. After the packet returns to the home node,
the data caching component is accomplished. All the nodes on the home perimeter
cached the data. To account for possible changes to the network topology, the home
node periodically sends refresh packets to the hashed location to repair the home
node and the home perimeter.

GHTs have greatly reduced the communication cost and energy consumption
by avoiding network-wide flooding for information discovery. Its simplicity is also
very appealing. This idea is further developed in [46] to build a hierarchical storage
structure that is aware of data correlations, i.e., similar data are hashed close by.

5.5.2 Double Rulings

The idea of double rulings is an extension and improvement of GHTs, in terms
of distance sensitivity. In particular, if the producer is actually close to the data
producer (although neither has the knowledge of each other), we would like the
data consumer to discover the data producer quickly. This is an attractive feature in
many applications, as information will be most useful, thus queried more frequently,
in the spatiotemporal locale where it was collected. In GHTs, the hashed location,
typically generated by a random hash function uniformly on a sensor field, may be
far away from both the producer and the consumer.

In double rulings, the rendezvous nodes are chosen along a continuous curve.
The motivation is twofold. Data delivery from data source to a rendezvous node
is implemented by multihop routing. Thus it is natural to leave information hints
along the trail that the data travels on, at no extra communication cost. Furthermore,
data hint replication on multiple nodes provides more flexibility for a consumer to
discover relevant data — it is easier to encounter a 1D curve than a 0D node.

5.5.2.1 Rectilinear Double Rulings

A basic double-ruling scheme, developed in different variations for information dis-
covery and routing [68, 93, 106], works as follows: data or data pointers are stored
at nodes that follow a replication curve while a data request travels along a re-
trieval curve. Any retrieval curve intersects the replication curve for the desired
data. Thus successful retrieval can be guaranteed. For an easy familiar case, assume
the network is a two-dimensional grid embedded in the plane with nodes located at
all the lattice points (see Fig. 5.17). The information storage curves follow the hori-
zontal lines. The information retrieval curves follow the vertical lines. To be differ-
entiated from the other double rulings schemes, we name this scheme the rectilinear
double rulings. Notice that the data retrieval curves are independent of the locations
of the data sources. In fact, a consumer traveling along the vertical line through itself
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Fig. 5.17 The rectilinear
double ruling scheme on a
grid

is guaranteed to hit all horizontal storage lines, and thus is able to find all the data
stored in the network. This double-ruling scheme is also distance sensitive — if the
producer and consumer are actually near each other, they must also be near each
other along the path connecting them using the horizontal and vertical lines.

5.5.2.2 Spherical Double Rulings

The spherical double rulings scheme, proposed by Sarkar, Zhu, and Gao [85], has
both GHTs and the rectilinear double rulings as subcases. Same as in GHTs, a data
item is hashed by its data type to a geographical location. However, instead of travel-
ing along the geographical greedy path to the rendezvous node, the producer travels
along a circle that goes through itself and the rendezvous node and replicates data
or data pointers on the way.

For an easy explanation, we will use the stereographic projection to map sensor
nodes onto a sphere [21]. We put a sphere with radius r tangent to the plane at the
origin. Denote this tangent point as the south pole and its antipodal point as the
north pole. A point 2* on the plane is mapped to the intersection of the line through
h* and the north pole with the sphere. See Fig.5.18. This provides a one-to-one
mapping of the plane to the sphere, in addition, with the north pole mapped to the
point of infinity. Stereographic projection preserves circularity. Any circle on the
sphere, including great circles, is mapped to a circle in the plane. With this mapping
specified, the replication and retrieval schemes are described on a sphere.

Each data type is hashed to a geographical location #* as in GHTs. When a
producer routes toward the hashed location, instead of following the geographical
greedy route as in GHTs, it follows the great circle defined by its own location p
and the hashed location /, denoted by C(p, h). Data from different producers with
the same data type will be routed to the same hashed location where information
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(i) (ii)

Fig. 5.18 (i) A point in the plane /™ is projected to a point /2 on the sphere. The great circles
for two producers p, p’ are drawn in red. (ii) The consumer follows the circle with fixed distance
(dashed circle) to the hashed location / to retrieve all the data with the same data type

aggregation can be performed. All the great circles with type C(*, i) pass through
the hashed location /, as well as the antipodal point /. Thus there are actually two
rendezvous nodes, & and E, located far away in the network that both have all the
information of the same data type. Notice that the hashed location / depends only on
the data type. Thus the location /z can be derived by a simple geometric computation.
See Fig. 5.18 for an example.

Now, this new data replication strategy from producers to hashed locations en-
ables more flexible retrieval scheme for the consumer.

1. GHTs retrieval rule: the same as in GHTs, the consumer can route to the hashed
location 2™ or h*, whichever is closer, to retrieve all the data of the same type.

2. Distance-sensitive retrieval rule: If the consumer is of distance d from the pro-
ducer, the consumer can discover the data with a cost of O(d), although neither
has the knowledge of each other’s location or the bound on d. Specifically, if we
rotate the sphere so that the hashed location 4 is at the north pole, then the repli-
cation curve is exactly a longitude curve. The distance-sensitive retrieval scheme
follows the latitude curve searching for a replication curve. See Fig. 5.18 for an
example. The retrieval curve (i.e., the latitude curve) has two intersections with
the replication curve, one of which is within distance O(d) from the consumer.
Thus the consumer travels along the circle on the sphere with equal distance to
the hashed location /4, and uses a doubling trick? to discover the closer intersec-
tion with the replication curve. An example is shown in Fig. 5.19.

“The problem is to find a destination on a circle without knowing whether it is shorter to go
clockwise or counterclockwise. With a doubling trick, one can first take 1 step clockwise from
the starting point. If the destination is not reached, turn back and go counterclockwise from the
starting point for 2 steps. If the destination is still not reached, turn back and go clockwise from
the starting point for 4 steps and so on. Within O(k) steps in total, one can find the destination if
the destination is k steps away.



140 J. Gao

o Sogn
o @g 30 &
o A8 oo
3 Og®

- )
a C
”E 8 oo {_v {’D Wal p g
o9 3 oo ‘, [+ :3-
3 0%(' o2 UC?‘( 5 5 299 i Wx; a oy o )
g[:f_ﬂ', :-L?ao o Oy SEJG \é \&J.s. o 8‘:]3 ® o 8 ] HEC&’
o D (+] ) [s] e}
0% o P9 d o u’l o &0 %o BU o

Fig. 5.19 Dark triangle denotes the hashed location; the red paths denote producer replication
curves; dashed blue paths denote retrieval curves; yellow square denotes one producer and magenta
square denotes one consumer. (i) Consumer latitude curve. (ii) Consumer great circle curve
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3. Aggregated data retrieval rule: Since any closed curve that separates the hashed
location / from its antipodal point & will intersect all the replication curves with
the same data type, a consumer now has great flexibility to choose a retrieval
curve for a set of data types {T;}, i = 1,...,m. In particular, a consumer can
follow a data retrieval curve that, for each data type 7;,

e Either goes through the hashed location & = h(T}) or h, where the aggregates
are computed and stored

e Oris a closed curve that separates / from E, collects all the relevant data and
computes the aggregates

The above retrieval rule does not specify a unique retrieval curve but allow in-
finitely many possibilities. Thus multiple consumers searching for the same data
type may choose, by their own decisions, different routes. This flexibility of data
retrieval rule enables load balanced traffic patterns and routing robustness.

4. Full power data retrieval rule: The consumer travels along any great circle and
is able to retrieve all the data stored in the network, because any two great circles
intersect. An example is shown in Fig. 5.19.

The spherical double rulings scheme, with modestly increased replication, is
more robust to node failures. With the flexibility in retrieval curves, the rendezvous
node is no longer a bottleneck since retrieval curves may not necessarily visit it. In
addition, the data storage scheme admits a local recovery scheme upon node fail-
ures. If the sensors in a certain region are destroyed, then all the relevant data are
stored on the boundary and thus can be locally recovered.
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5.5.2.3 Rumor Routing

Rumor routing, proposed by Braginsky and Estrin [11], can be considered as a prob-
abilistic double rulings scheme. Information producer takes a walk and leaves data
pointers on the trail. A consumer travels along another walk hoping to encounter
one of the data pointers. The retrieval curve has a probability to intersect with the
producer curve. Thus the consumer sends out enough retrieval walks to have a suf-
ficiently high probability to meet with one of the event curves.

If the paths taken by the producer and consumers are along straight lines, the
probability that two random lines intersect inside the sensor field has a constant
probability. If the paths taken follow a random walk, the probability that two random
walks intersect is lower. The algorithm is randomized with a small probability to
fail to discover the producer curve. The attractive property is its robustness to node
failures by the built-in randomization in the algorithm design.

5.5.2.4 Double Rulings with Virtual Coordinates

Double rulings schemes can also be defined in the virtual coordinate space. In fact,
many virtual coordinates naturally admit two sets of rulings orthogonal to each
other, e.g., the horizontal lines and vertical lines in a Cartesian coordinate space; the
rays emitting from the origin and the cocentric circles in a polar coordinate space.
Fang et al. [27] used double rulings scheme for data-centric routing in a general
sensor field with nontrivial topology. The idea is to combine double rulings with
GHTs on the two-level glider [26]. Recall that in glider, a set of landmarks are
selected and the sensors are partitioned into Voronoi tiles, with each tile containing
the nodes closest to the same landmark. The top level of the hierarchy is the com-
binatorial Delaunay graph that describes the adjacency information of the Voronoi
tiles. Conceptually, the landmark-based information storage and retrieval scheme
has two levels a distributed hash table for information storage at the tile adjacency
graph level and a double-ruling scheme at the lower level (inside each tile), which
ensures information retrieval within each tile.

In particular, on the top level a data type is hashed to a tile instead of a single
node. On the basis of the tile adjacency graph, the shortest path tree rooted at the
hashed tile can be computed at each node. All producers and consumers of the same
content proceed to the hashed tile following this common shortest path tree. For a
producer, data are replicated inside all the tiles (not all the nodes) along the way
from where the producer resides to the hashed tile (which we call the replication
path). The information consumer proceeds toward the hashed tile and checks each
tile on its way for the desired data (which we call the retrieval path), returns when
the retrieval path meets the replication path. At the bottom level, i.e., inside each
tile, data storage and retrieval are implemented by a landmark-based double rulings
scheme. In the worst case, the consumer visits the final hashed tile to retrieve the
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desired data. Often on the way to the final tile, the consumer may hit a tile that
already has the desired information and stops moving further.

5.6 Location Services and Hierarchical Routing Schemes

In geographical routing or routing with virtual coordinates, the source routes a
message to a destination with the name (the geographical location or the virtual
coordinates) of the destination. In certain applications such as routing to a geo-
graphical location or region, the source knows the destination’s location already.
For other applications, such as routing to a node with a particular ID, the source
needs to obtain the location or the name of the destination, via a location service.
A location service supports queries from any node for the name of any other node
based on its ID. For the Internet, the mapping between host names and IP addresses
is implemented by centralized servers called the DNS. In sensor networks, location
service is preferred to be implemented in a distributed fashion, to avoid overloading
the sensors identified as location servers.

Location service can be viewed as a special case of data-centric routing. In par-
ticular, the data of interest is the name of a node, the producer of this data is the
node itself. Data-centric routing or data-centric storage is used to disseminate and
store the names of nodes in a distributed way such that any other node can query for
this information.

In this section, we cover a few hierarchical routing schemes. The routing schemes
described in Sect. 5.5 are more or less “flat”, exploiting the two-dimensional embed-
ding of sensor nodes in the physical space. Alternatively hierarchies can be built on
the nodes for both point-to-point routing and data-centric storage and information
retrieval. Typically when we think of a hierarchical data structure, we are often con-
cerned about load balancing issue and the single point of failure at the root of the
hierarchy. The following schemes exploit a few novel ideas to disseminate work
load and avoid overloading high-level nodes on the hierarchy.

5.6.1 Landmark Hierarchy

5.6.1.1 Landmark Hierarchy

Probably as the first hierarchical routing scheme, Tsuchiya [100] proposed a land-
mark hierarchy for node naming and routing. Every node is a landmark and the
nodes are organized into landmarks of different levels. A landmark at a level i has
a radius r;. Nodes within hop count distance r; from a landmark at a level i have
routing table entries to this landmark. The radii 7;s are increasing as the level i is
increasing. At the highest level /4, there are a small number of “global” landmarks
such that every node has a routing table entry for them. In other words, every node
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knows how to route to these global landmarks, and they know how to route to nearby
“local” landmarks at different resolution.

To construct the landmark hierarchy, every node is a landmark at level 0. Some
landmarks of level i — 1 are selected to be at level i such that every landmark at
level i — 1 has at least one level-i landmark within distance r;—;. A node may be a
landmark at multiple levels. Each node p maintains routing table entries for all the
landmarks £ such that p is within distance r; of £ if £ is a level-i landmark.

The address of a node p is taken as a chain of landmarks /y, /1, ..., such that
the landmark ¢, is within distance r; from £;, and £y = p. In other words, the
landmark ¢; has a routing table entry to £;,_;. Routing is based on the landmark
address in a greedy fashion. To route to a node p, a node checks its routing table
entry for p’s addressing landmarks and takes the lowest level landmark £; (in the
worst case the global landmark £;). Then the packet is delivered to the next hop
toward £;. This is repeated until the message is delivered to the destination. When
the packet is far away from the destination, it is guided by the high-level addressing
landmark of the destination and the routing information is refined as the packet gets
close to the destination. A few remarks are in place.

e The addressing landmarks are not necessarily unique. A node may have multiple
valid addresses according to the naming scheme.

e The routing scheme guarantees message delivery but the path may not be the
shortest path from the source to destination.

e The paths to a destination p do not necessarily go through p’s addressing
landmarks.

The landmark routing makes use of a landmark hierarchy but routing takes ad-
vantages of the cross-branch links in the hierarchy, thus having better robustness
to topological changes, compared with routing on a tree. This idea is further de-
veloped later in two aspects: refine the construction of the landmark hierarchy to
obtain bounded routing path stretch (the ratio of the path length vs. the shortest path
length); and use the landmark hierarchy for location service and address lookup
[18,34].

5.6.1.2 Discrete Center Hierarchy

Funke et al. [34] refined the hierarchy by taking a discrete center hierarchy [39]
defined as follows. Similar to the landmark hierarchy above, each node is a level-0
center. The level-i centers are selected as a subset of the level i — 1 centers that
satisfies both the covering and packing properties:

e Every level i — 1 center is within distance 2/ from at least one level i center
e Two level i centers are at least distance 2' away from each other

The highest level is at most log, n, as the covering radius doubles at every level.
Each level i — 1 center picks one of the level i center within distance 2 and denotes
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it as its parent. Thus the address of a node p is determined by its ancestors in the
hierarchy, [y, [y, .. .1, in which £y = P and ¢; is the parent of £;_.

With the discrete center hierarchy, cross-branch links are also included to help
routing. In particular, a center v at level i has its cluster C(v) as the set of descen-
dant nodes. A node u has a cluster C(v) at level i as a neighboring cluster if there
is a node ¢ in C(v) within distance o - 2'*! for a constant & > 0. Each node main-
tains a routing table entry for each neighboring cluster at each level. Again a node
has routing information to nearby neighboring clusters at different resolutions. The
following properties can be said to the neighboring clusters.

e The distance from a node to its level i ancestor is bounded by 2/ . In particular,
we follow the parent link and sum up its maximum possible length, we get 1 +
2422 4. 42 <2ifL

o If we take oo > 3, a node in cluster C(v) at level i has C(w) as a neighboring
cluster, where w is a child of v, w has level i — 1.

For anode u to route a packet to a destination node v, u checks its routing table for
the lowest level cluster C (w) that contains the destination. Then u routes the packet
toward the cluster C(w). When the packet arrives at the cluster C(w), the same
procedure is repeated at the next node. The new hierarchy guarantees that the route
taken is within four times the shortest path length d,,, from source u to destination v.
Indeed, say the cluster C(w) at lowest level found in u’s routing table entry is at
level k, then d,, must be greater than o 2* (otherwise u has a neighboring cluster at
level k — 1 that contains the destination). The path taken from u to C(w) is at most
o - 281 < 24d,,. Once the packet arrives at C(w) it is able to find a neighboring
cluster at level strictly lower than k. Thus the path taken to arrive at the next lower
level cluster is at most half the length of the first segment on the path, i.e., the path
taken so far from u to C (w). Thus the total path length is at most double the length
of the first segment and is less than 4d,,,,.

In a sensor network setting, when the sensors are reasonably uniformly dis-
tributed, the communication graph typically has constant doubling dimension [47],
i.e., a ball of radius R can be covered by a constant number of balls of radius R /2.
In this case, the hierarchy has depth O(logn) and each node has a constant number
of neighboring clusters. Therefore, the number of entries in the routing table for
each node is O(logn) in the worst case and on average a constant number.

The landmark hierarchy can also support data-centric routing and distributed lo-
cation services. In particular, a data item is hashed and stored at certain other nodes
called the data servers. Specifically, a producer u has its ancestors at each level,
denoted as Iy = u,ly,...I,. For each level i, the producer sends the data to each
of u’s neighboring clusters at that level. For one of such cluster C(p), the data are
hashed by its data type to one node ¢ inside this cluster. Again the number of copies
a data item is stored in the network is at most O (logn).

Storing data in the landmark hierarchy enables the consumer to find the data item
in a distance sensitive fashion, i.e., a producer with distance d from the consumer
is able to retrieve the data within cost 4d. In particular, when a consumer v wants
to find a data item, it starts to visit the data server in the clusters of its ancestors at
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level i, with i increasing from 0, until the data item is found or the highest level
is reached. Intuitively, the data storage scheme places more data servers in nearby
clusters and fewer servers in far away but large clusters. The retrieval scheme starts
to search in local neighborhood until it discovers a nearby data server.

At last we remark that similar idea of using a landmark hierarchy for routing and
location service was also explored in [4, 17, 18]. These constructions use different
ways to construct the hierarchy and admit different quality bounds on the routing
performance.

5.6.2 Routing and Location Services in Mobile Networks

In a mobile network, the landmark hierarchies described in the previous subsection
are not appropriate as the structure is dependent on the network distance which
changes frequently as the nodes move around. Geographical routing, on the other
hand, is robust in a mobile network given that the source knows the location of the
destination. As the nodes constantly move around, we will need a location service
for the mobile nodes such that any node can query for the current location of any
other node. Notice that in implementing this location service we will need some
routing protocol to deliver the query messages. Thus routing and location service
appear to be a chicken and egg problem that will need to be solved all at once in a
collaborative framework. The grid location service (GLS), proposed by Li et al. [65],
represents an example of such a protocol.

GLS implements a distributed location service in which a node serves as a
location server and stores location information for other nodes. A node’s location
is stored in multiple other location servers. As a node moves around and changes
its location, it will update its location servers of its new location. Any other node
looking for the location of a node with only the ID of the node is accomplished with
pretty much the same protocol as the node uses to select its location server in the
first place. GLS uses consistent hashing [52], originally proposed for hierarchical
hashing of web pages in the Internet, for location server assignment.

We assume the nodes know their geographical locations via GPS devices for
example. The domain in which the nodes move around is partitioned recursively as
a quadtree of depth k such that the smallest square contains only one node. The
smallest square is called an order-1 square. The bounding box is called an order-k
square and partitioned into 4 equal-size order k — 1 squares. In fact, other type of
balanced partitioning can also be used here. The selection of location servers follows
the same philosophy as the previous section. A node u stays in a unique square of
order i, for each i from 1 to k. u selects a location server in each of the three other
sibling order-i squares of the one containing u. In particular, inside a square S, the
location server is chosen as the node closest to the ID of u, defined as the one with
least ID greater than u. The ID space is circular. For example, ID 2 is closer to 17
than 7 is.
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To perform a query for the location of v, u knows only the ID of v and does
not know the location servers of v. In fact v does not know its location servers
either. Now recall that u is also the location server of some other nodes. u will
simply send a request by geographical routing to the node closest to v for which
u has location information. Say this node is w. This request can be delivered by
geographical routing as u has the location information of w. Now w does the
same thing until the message reaches a location server of v, from where the mes-
sage can then be delivered to v via geographical routing. An example is shown in
Fig.5.20.

The correctness of the scheme follows the following claim that the query visits
the node closest to v in u’s order-i square S; («), with increasing i. Thus if v is inside
node u’s order k square, then the closest node to v is v itself. Thus the message will
be delivered to v. To see that the claim is true, we show by induction. At level i = 1,
it is trivially true as u is the only node in its order-1 square. Now assume that the
message arrives at a node w which is the closest node to v in u’s order i square
S;(u). This says that in S;(u), there is no other nodes in between the ID of v and
w. Now suppose that the node closest to v in S; 41 () is x. If x is w, then the claim
is true trivially. If x is not w, x stays in a sibling square of S;(u). x will choose its
location server in S;(u) as the node closest to x, which must be w. Thus w is the
location server of the node closest to v in S; 4 («). The routing protocol will forward
the message to x. See Fig. 5.21 for an illustration.

When a node moves around, it will update its location at its location servers.
This update operation is essentially the same as the query algorithm. When a node
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Fig. 5.21 The node closest to
vin S;41(u), denoted by x, if
not equal to w, must choose w
as its location server in Sj; (u).

Thus w has x’s location and /-O T

the message is delivered to x s
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u wants to update the location server at a square S, it sends a message to that square
with geographical routing. Once the message arrives at S, the first node will start
with a query for the node u inside S. As shown by the query algorithm, this message
is eventually forwarded to the node closest to u inside S’ before it leaves this square,
which is precisely the location server for u. Thus location information is updated at
this location server.

To initialize the system, the location servers are updated from bottom up. The
nodes first locate their location servers in order 1 sibling squares. After this is done,
the nodes use the location update scheme to locate the location servers in order-2
sibling squares, and so on. Thus no flooding is needed to set up the system.

The combination of location service with geographical routing, with the help
of consistent hashing is a very neat idea that requires no global coordination. The
scheme is later improved to have worst-case bounded performance in terms of lo-
cation update and distance-sensitive query (such as LLS by Abraham et al. [1] and
MLS by Flury and Wattenhofer [31]). The idea used in LLS is to have a node pub-
lish its location along a spiral that exponentially increases in distance. Similarly,
the lookup operation also takes a spiral from the query’s location. When the lookup
spiral visits a square in which the location update has visited, the query will return
the location information. The intuition is that the query spiral will intersect the pub-
lishing spiral within a traveling distance O(d) if the node is of distance d away.

5.7 Thoughts for Practitioners

For practitioners, the selection of routing algorithms may depend on the following
considerations.



148 J. Gao

e Sensor node capacity

— Power supply: battery power or long-lasting power supplies

— Size of on-board memory

— Radio characteristics (radio range, directional antennas or omni-directional
antennas, data lost rate)

e Network scale and deployment setting

— Size of the network and the size of the deployment region

— Node density

— Node distribution uniformity (existence of routing voids or not)
— Node mobility

— Homogeneous nodes or heterogeneous nodes

— Accessibility of the network

— Auvailability of sensor node locations

e Application requirements

— Traffic pattern (many-to-one data collection, one-to-many data dissemination,
point-to-point routing, and data-centric routing)

— Traffic load (frequency of message delivery)

— Expected network operational time

— Data packet size and format

— Quality-of-service requirement on latency and throughput

5.8 Directions for Future Research

The work surveyed in this chapter revealed the power of using geometric abstrac-
tions in sensor network routing. There are still directions for future research on many
fundamental problems.

e Communication models: modeling wireless communication channels has a fun-
damental influence in routing algorithm design Simplified models such as unit
disk graphs have been adopted widely in the algorithm and theory community as
it is simple yet embraces a rich set of geometric structures. However, the devia-
tion from realistic scenarios makes some algorithms with unit disk graph model
fail in practice. More realistic models have been proposed and adopted. But it
still remains a challenge to develop different communication models that are
more elaborative and realistic, yet still reveals key insights and admit efficient
routing algorithm design.

e Supporting infrastructure support: applying the geometric ideas in routing algo-
rithm design often requires some supporting architecture components such as
localization, synchronization, and topology understanding.
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e Mobility: most algorithms covered in this chapter assume static sensor networks.
With node mobility and/or heterogeneity, new ideas are needed on what geomet-
ric structure can we abstract from the node mobility and how does that help with
routing information in the network efficiently.

e Geometry of the sensor data: when a sensor network monitors a physical signal
landscape, there is natural correlation between data from sensor nodes, both in
the spatial and temporal spectrum. Abstracting and utilizing the geometry of sen-
sor data can help with data compression, aggregation, and validation in routing
algorithms.

e Theoretical foundation: a number of the geometric algorithms discussed in this
chapter use ideas from the continuous geometric domain and apply an analog
of the ideas in the discrete network. Investigation of rigorous definition of the
geometric concepts in the discrete network remains an open problem.

5.9 Conclusions

In the past few years, geometric ideas have been used extensively in the design of
wireless sensor networks. This chapter covers routing algorithms that make use of
various aspects of “sensor network geometry”: the nodes’ geographical locations,
such as geographical routing; as well as the global shape and topology of a sensor
field.

Terminologies

Network localization. In a wireless network, network localization finds the ge-
ographical location of all the nodes. A network location algorithm can be
anchor-based or anchor-free. Anchor-based algorithms assume known location
information for some of the nodes (called anchors) in the network. An anchor-
free algorithm does not assume the knowledge of any location information and
returns the relative positions of the network.

Geographical routing. In a wireless ad hoc network, geographical routing is a rout-
ing algorithm that uses the nodes’ geographical locations to choose a neighbor
as the next hop.

Virtual coordinates. Each node in a wireless sensor network is assigned a virtual
coordinate as its identifier in the routing algorithm. A virtual coordinate routing
algorithm makes routing decisions with the virtual coordinates of the source, its
neighbors, and the destination. The size of the virtual coordinate is typically a
constant or a small polylogarithmic function of the network size.

Greedy embedding. Given a graph, embed it in a d-dimensional Euclidean space
such that for each pair of node p, g, there is a neighbor of p whose distance to



150 J. Gao

the destination is smaller than the Euclidean distance between p and q. Such an
embedding is called a greedy embedding.

Landmark routing. A subset of nodes in a wireless sensor network are selected as
landmarks such that the hop count distances to these landmarks are used to iden-
tify other nodes as well as route messages between them.

Data centric routing. The destination of the message is not specified as a fixed des-
tination node, but rather defined as the sensor node(s) that has the information as
requested in the message. A data-centric routing algorithm needs to discover the
nodes holding data of interest as well as route the message to these nodes. The
nodes with data are often called sources or information producers. The nodes
who pose queries for the data are called sinks or information consumers.

Geographical hash tables. It is a data-centric routing scheme. A source node will
take a hash function on the data type and deliver the data to a geographical hash
location. The nodes close to the hashed location serve as rendervous and store
the data. A sink node searching for this type of data will route the query to the
same geographical location and retrieve the data from the rendervous nodes.

Double rulings. It is a data-centric routing scheme. The source node will hash data
along a data storage curve (possibly dependent on the source location and the data
type) in the network. The sink node will hash data along a data retrieval curve
(possibly dependent on the sink location and the data type) in the network. If
each data storage curve intersects with each data retrieval curve, the data retrieval
mechanism guarantees successful data discovery.

Location service. For geographical routing, a source node needs to know the des-
tination’s location to send a message to it. Location service provides a map
between each node and its geographical location. Location service can be im-
plemented at a central location server or at distributed location servers.

Landmark hierarchy. All nodes are landmarks at different levels of the landmark hi-
erarchy. A node is given a name according to the network distances to some other
landmarks in the landmark hierarchy. Routing decisions are made with the name
of the source and the destination. The landmark hierarchy can be considered as
multilevel landmark routing.

Questions

1. In network localization, suppose that k nodes out of a total number of n nodes
are anchor nodes. There are m edges in the graph. How large does m have to be
such that there is no degree of freedom in the system?

2. Prove the following two claims that will show both relative neighborhood graph
and Gabriel graph on a set of points P in the plane are planar, connected sub-
graphs of unit disk graphs.

(a) Prove that the relative neighborhood graph is a subgraph of the Gabriel
Graph.
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10.

(b) Prove that the Gabriel graph is a subgraph of the Delaunay triangulation on
the same set of nodes.
For a set of point P in the plane, the Voronoi diagram partitions the plane into
connected cells such that all the points in the same cell has the same clos-
est point in P. The Delaunay triangulation is the dual graph of the Voronoi
diagram such that there is an edge uv, if the cells of u, v are adjacent. The
Delaunay triangulation has what is called “empty-circle property”: for any
Delaunay edge, one can find a circle that goes through the two endpoints
of the edge and has no other points inside. The converse is also true: if all
edges in a graph has this empty circle property, the graph is a Delaunay
triangulation.

The Delaunay triangulation is known to be a planar graph. Thus there are

no crossing edges in either relative neighborhood graph or Gabriel graph.

(c) Prove that the relative neighborhood graph contains the minimum spanning
tree. Thus both the relative neighborhood graph and the Gabriel graph are
connected.

. Prove that a Delaunay triangulation of a set of point in the plane admits a greedy

embedding.

. Show that a star with 7 leaf nodes does not have a greedy embedding in the

plane.

. Prove that for any graph with a subset of vertices pinned down, the rubberband

representation (defined in Sect 5.4.1.1) is uniquely determined. (Hint: show that
the rubberband embedding minimizes a convex energy function.)

. Prove for the case of Euclidean plane that greedy routing algorithm used in

intratile routing of GLIDER by minimizing the centered virtual distance to the
destination is free of local minimum, when the landmarks are not collinear.

. Elaborate how to incorporate node mobility in geographical routing.
. Prove that in landmark-based routing, if we choose at least three landmarks

that are not collinear and define the virtual coordinate of any other point in
the Euclidean plane as the Euclidean distances to these landmarks, the virtual
coordinate for each point is unique. Also give an example that this may not be
true in a discrete wireless network (modeled by unit disk graph).

. Compare the pros and cons of geographical hash tables and double rulings

scheme for data-centric routing, in terms of storage requirement, query latency,
robustness to node failures, etc.
Elaborate how to handle node insertion in the Grid location service (GLS).
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