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1 Introduction

A wireless sensor network [1] is a collection of sensor nodes, which are equipped with both
sensory devices and wireless transceivers and usually play a dual role as both data genera-
tors and routers. Sensor networking has many practical applications such as environment
monitoring, smart spaces and robotic exploration. In this work, we focus on sensor networks
for monitoring tasks. When a sensor node, called a source, detects a stimulus, it generates
data packets, which are required to be collected by at least one of special nodes, called sinks,
in a timely fashion. Our goal is to design an efficient dissemination scheme to propagate
data packets from sources to sinks. We consider the case where stimuli happen continuously
almost everywhere in the sensor field. As many works on data dissemination (e.g.[19, 14]),
we are interested in the scenarios where sensor nodes stay stationary at their initial locations
after having been deployed, while sinks might move around in the sensor field.

One important issue that needs to be addressed in sensor networking is interferences.
Recently, the availability of a large number of low-cost sensor nodes has enable a dense
deployment of sensor nodes, which provides a good coverage of the sensor field and more
potential communication paths. However, interferences are also very likely in such networks
if transmissions are not well scheduled. Thus how to schedule sensor nodes’ activities to
benefic from a high density of them without being suffered from many interferences has
become critical in network design. Most existing works on data dissemination focuses on
data propagation from individual sensor nodes to sinks. For example, in TTDD[19], a source
builds a grid structure throughout the sensor field, along which sink queries and data packets
are forwarded. In SEAD[14], a dissemination tree is built to propagate data packets from
a single source to multiple mobile sinks; if multiple sources are present, multiple trees will
be constructed separately. These approaches work well in the presence of a single source.
However, if many stimuli happen simultaneously at different locations, data forwarding from
different sources might interfere with each other, which prevents data packets from being
fast delivered. Note this problem cannot be trivially solved by using a single backbone
for data propagation from multiple sources, if transmissions from non-backbone nodes and
backbone nodes are not well scheduled.

In fact, interference avoidance in the presence of multiple sources requires a collaboration
among sensor nodes. Since contention-based schemes are energy-consuming in high-traffic
networks and efficient synchronization protocols have been proposed for sensor networks (e.g.
[8, 17, 10]), in this work we assume time is structured into slots and consider interference
avoidance by scheduling nodes’ transmissions. It has been proved in [6] that minimum data
dissemination time problem is NP-hard. An approach with bound on latency (A — 1)D is
proposed in [6], where A is the network degree and D is the diameter of the network. Very
recently, a data aggregation scheduling algorithm is presented in [12] for a single sink with
an O(A + D) latency in unit disc graphs. In [12] a data aggregation tree is first constructed
from a breadth first search (BFS) tree rooted at the single sink and then nodes’ transmissions
are scheduled based on this data aggregation tree. Note in both approaches, wireless sensor
networks are modeled as unit disk graphs.
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4 Chen & Fleury

Different from [6, 12], we consider a more realistic model where nodes can have different
transmission and interference ranges, and our focus is on scenarios with potential mobile,
multiple sinks. Instead of a BFS tree rooted at a single sink as in [12], our scheduling
is based on a general backbone structure. We present a clustering scheme which enables
fast communication between non-backbone nodes and backbone nodes; this is different from
most works that rely on backbone structures, where no specific constraint is required on
clustering, provided that non-backbone nodes are adjacent or close to their cluster heads.
We propose schedules for the communication between non-backbone nodes and backbone
nodes and the schedule for the communication in the backbone. When these schedules are
applied for data dissemination, we also achieve an O(A + D) latency in unit disc graphs,
even in the presence of potential mobile multiple sinks. Furthermore, our schedules can be
used for general communication that relies on backbone structures. Backbone structures
have been considered in wireless networks for routing (e.g. [4, 5, 16, 11, 3, 2, 18]) and data
dissemination (e.g.[19, 14]), but less work has been done on scheduling communication based
on such a structure.

Our basic idea is to restrict the number of “high-cost” hops in the path along which pack-
ets are forwarded from a source to a sink. For this purpose, a “fast backbone” is constructed
and data dissemination is achieved by the communication between non-backbone nodes and
backbone nodes and the communication in the backbone. By saying a backbone is “fast”, we
mean transmissions in this backbone can be scheduled fast; this can be achieved if each node
can interfere with only a small number of nodes in the backbone. Here a “backbone” refers
to a subnetwork such that each node is either included in this subnetwork or is adjacent to
some node in it; such a structure guarantees that, even when the communication between
non-backbone nodes and backbone nodes is expensive, the number of such expensive hops
in the route from each source to a sink is bounded by a constant. In this work, we first
show the existence of such a structure in networks that satisfy certain properties and we
discuss a schedule for the communication in the backbone. Then we propose schedules for
the communication between non-backbone nodes and backbone nodes. Analyses on the per-
formance of these schedules are given. We achieve a latency O(AgAr + D) if the network
satisfies certain properties, where Ag (Aj resp.) is the maximum number of nodes that a
node can transmit to (interfere with resp.) and D is the network diameter. In particular, if
nodes have bounded transmission range and a node can interfere with another if and only
if it can transmit to that node, the latency is O(Ag + D), which is asymptotically optimal.

Another issue that needs to be addressed is sink mobility. Many existing works, e.g.,
Directed Diffusion [13], address sink mobility by letting each sink continuously propagate its
location throughout the network. This approach enables data packets to be forwarded based
on the latest location information, but it also consumes energy and introduces collisions.
A backbone structure can help reduce message overhead; e.g., the grid structure built in
TTDD [19] enables mobile sinks to continuously receive data on the move by flooding queries
within a local cell only. In our work, we further discuss how to update the directions of
routing links for loop-free routing protocols in the presence of sink mobility. Approaches
that handle mobility by adjusting link directions have been proposed for general mobile
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networks; e.g. link reversal protocol[9] and TORA[15]. Compared to general cases, topology
formed by sensor nodes is relatively stable; the main changes are caused by sink mobility.
Although these changes can be treated as special cases in general mobile networks, an
approach designed specifically for this type of changes can be more efficient. We propose
a scheme to update the directions of routing links to handle sink mobility with a small
overhead. In particular, links updated are confined within those incident to nodes in paths
that connect the old and new positions of sinks. Note if a link reversal protocol for general
topology changes (e.g.,[9, 15]) is applied for this case, global link reversal might be involved.

We define the following denotations. Given a (directed) graph G with a set of vertices V'
and a set of edges E, we denote the directed link from node z to node y by (x — y), the sets
of v's outgoing and incoming neighbors by N/ (z) = {y € V|3(z — y) € E(G)}, N5(z) =
{y € V|3(y — =) € E(G)}. In particular, if NJ (z) = N (z), we simplify the denotations by
Ng(z) = NZ (z) = Ng (z). The outdegree and indegree of z are denoted by 8/, (z) = |NJ ()|
and g (z) = |Ng (z)| respectively. Network degree is defined as maxgev {0 (z),d5 (z)}.
Given a subset of nodes X C V', we denote by N, (X) = Upex N (v), N& (X) = Upex N (v)
and Ng(X) = Uyex Ng(v).

2 System model & problem definition

Given a sensor network that consists of a set of sensor nodes V', we describe the network
by N(V, E, I), where E and I are sets of links that model communication connectivity and
interferences as follows:

e Vuwv eV, (u—wv) € Fif and only if the transmission from u can be successfully
received by v when u is the only node that transmits in the network.

e Vuwv eV, (u— v) €l if and only if the transmission from u interferes with the
reception at v.

The condition for a transmission to be interference-free can be formally described as follows:

Definition 1 Given a network N(V,E,I), Yu,v € V, the transmission from u to v is
interference-free if and only if (1) (u — v) € E and (2) V node w # u that also transmits at
the same time, (w — v) & 1.

Here we assume E C I, since usually if a node is able to transmit to another node, it
can also interfere with the reception at that node. Generally speaking, given two node u
and v, (u — v) € E does not mean (v — u) € E. Since most routing protocols require
bidirectional communication of a link and only such links are considered in our work, for
presentation simplification, we only include bidirectional links in E, that is, if (v — v) € E,
then (v — u) € E. In this work, we consider general transmission and interference models.
Discussions are also given for a specific model, called “disc graphs”. In this model, each
node v is associated with a transmission range r(v), and for any two nodes u,v € V, link
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6 Chen & Fleury

(u—v) € E if and only if ||u,v| < r(u), where ||u,v|| denotes the distance between u and
v. In particular, we say a network is modeled by unit disc graph if r(v) =1 for all v € V.
In the sequel, we denote by G, called the communication graph, the graph with the set of
vertices V' and the set of edges E, and by G, called the interference graph, the graph with
the set of vertices V' and the set of edges I. We denote the diameter of Gg by Dg, and
the degree of Gr and Gy by A and A;. We call a node’s degree in the communication
graph (interference graph resp.) its communication degree (interference degree resp.). For
presentation simplicity, we omit “G” form the subscripts in the denotations defined for Gg
and Gp; for example, N; (u) = Ng (u).

An important task in sensor networking is to schedule sensor node’s transmissions to
guarantee interference-free communication. We assume time is structured into discrete units
called slots and consider schedules that are organized into frames. A frame is a minimal
sequence of consecutive slots in which each link under consideration is scheduled to be
interference-free, where “being interference-free” is defined in Definition 1. In this work, we
consider transmissions along three different sets of links and present a schedule for each set.

Our forcus is on data dissemination in sensor networks for monitoring tasks, where sensor
nodes stay static after having been deployed, while potentially multiple sinks move around
in the sensor field. When a sensor node, called source, detects a stimulus, it generates data
packets, which are required to be gathered by at least one of the sinks; since sinks are usually
more powerful and controllable devices, information gathered by them can be aggregated
later. An important performance metric is the time it takes for data dissemination. Note
in the scenarios where stimuli occur continuously everywhere in the sensor field, any sensor
node can be a source. Since we allow sinks to move to any location in the field, any subset
of sensor nodes can be the set of nodes that connect to at least one sink. So, as sinks have to
communicate with some sensor nodes to gather data packets, a data dissemination scheme
should guarantee a small latency from any sensor node to at least one node in any subset
S CV. Thusgiven S C V,v € V-5, letting latency(v, S) = minseg{latency for v to forward
packets to s}, we define dissemination latency as maxyscy{maxy,ev_gs latency(v, S)}.

In this work, we consider scenarios where, instead of gathering data continuously, appli-
cations specify a desired data refresh interval, that is, the interval between two times data
propagation starts. We assume the desired data refresh interval is relatively large compared
to the dissemination latency. To simplify the presentation, we assume it is very rare for two
sinks to stay close to each other; here by saying “not being close”, we mean interference
does not occur when the only communication in the network is that between each sink and
one of its adjacent sensor nodes; if interferences do happen, a contention-based scheme can
be used to resolve the interferences.

Here we give a lower bound on the dissemination latency. Most works on scheduling
problem assume E = I. In this case, it is easy to see the existence of a class of networks
in which any data dissemination scheme has latency Q(Ag + Dg) given any values for Ag
and Dy; an example is given in (a) of Fig. 1, where subnetwork A can be any subnetwork
provided that the communication graph of the whole network has degree Ay and diameter
Dpg. This lower bound is due to the competition of links in a clique. While it is obvious the
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lower bound Q(Ag + D) still holds for general case E C I, the lower bound Q(A; + Dg)
is not so obvious, since the size of a clique in the communication graph of a network is at
most Ag. Below we present an example where latency is Q(A; + Dg).

Part (b)

T ;Parl(a):kc nodes ", |
| oo § % L

L % % _linkinE
“link in T

k= Ag—1 Subnetwork N’
(a) BE=1 (by ECI

Figure 1: Lower bound on dissemination latency

Theorem 1 Given any values for A;, Ag and Dg, there exists a class of networks in which
the dissemination latency for any scheme is Q(A; + D).

Proof. We construct a network as follows ((b) of Fig. 1), which has two parts. Part (a)

consists of kc¢ sensor nodes, where ¢ = Ag—1 and k = [ﬁ;jll .

part (a) is a clique of k¢ nodes. The communication graph of part (a) consists of k cliques,
denoted by C1, ..., Cf, each of which has ¢ nodes; in each clique Cj, only one node, say x;,
connects to part (b). In part (a), the communication degree of a node is at most c+1 < Ap
and the interference degree is at most kc +1 < Aj. Part (b) can be any network provided
that (1) the communication graph of the network has degree Ag and diameter Dg and the
interference graph has degree Ay, and (2) for any i € [1, k], there is a node, say y;, that is
Dpg — 1 hops from z;. The existence of such a network is obvious.

It is easy to see in a slot at most one of the transmissions along links in {(v — x;),
Vv € (C; — {x;}),Vi € [1,k]} can be scheduled to be interference-free. Thus there is a node
in part (a), say in clique C;, that needs to wait for at least k(c — 1) slots to transmit to a;,
which needs at least Dg — 1 slots to reach y;. Thus the latency is at least k(c—1)+ Dg —1

= |A=t] (Ap - 2)+ Dy 1 =94, + D) .

The interference graph of

It is worth pointing out that the constructed network can be unit disc graphs. Thus this
lower bound still holds for this special type of networks. Note the latency depends on the
interference degree of each node, which can be much larger than its communication degree.

3 Framework of our approach

Our scheme needs to be initialized before data dissemination starts; this can be done when
the network is initialized. The initialization of our scheme consists of two parts: back-
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8 Chen & Fleury

bone construction and computation of nodes’ schedules; routing protocols used to forward
packets in the backbone can also be initialized in this phase. In section 4, we present our
requirements on the backbone structure, and investigate an existing backbone construction.
We show that the constructed structure satisfies our requirements if the network satisfies
certain properties. Then we propose schedules for three types of communication, called NB-
schedules, BN-schedules and BB-schedules respectively: (1) transmission from non-backbone
nodes to backbone nodes, (2) transmission from backbone nodes to non-backbone nodes, and
(3) communication between backbone nodes. Our construction is based on vertex-colorings
that satisfy certain constraints. The frame length of the constructed schedule is euqal to
the number of colors and each slot in a frame corresponds to one color. In each slot, only
nodes assigned the corresponding color are allowed to transmit. The coloring constraints
are given for each type of schedule in section 4.

Data dissemination can be scheduled according to applications’ desired data refresh
interval. As sinks have to communicate with some sensor nodes to gather data, each sink
designates an adjacent sensor node as its representative node, which is responsible to forward
it packets. Thus given a backbone and schedules for the three types of communication,
data dissemination can be accomplished in three phases. In the first phase, each non-
backbone node transmits data packets to a backbone node, and, depending on applications’
requirement, backbone nodes might acknowledge the reception of data packets. In this
phase, an NB-schedule is used for the data transmission and one frame is sufficient. The
BN-schedule can be used for sending acknowledgements, which also takes one frame. In the
second phase, data packets are forwarded in the backbone by some routing protocol to at
least one of the representative nodes. The routing protocol decides the path to forward
the packets and a BB-schedule is used to forward packets along links in the selected path.
The number of frames in this phase depends on the routing protocol and the distance from
sources to sinks. Technically, any routing protocol can be used. The last phase is packet
forwarding from representative nodes to sinks. Sink mobility is handled in this phase. If a
sink is still adjacent to its representative node, packets received by the representative node
are forwarded to the sink. Otherwise, the sink picks a new representative node from its
adjacent sensor nodes, and sends a notice to its old representative node. Packets received by
the old representative node are forwarded to the new representative node, which will then
be forwarded to the sink. In order to handle sink mobility, we propose in section 5 a scheme
to update routing state for loop-free routing protocols, which guarantees loop-free property
and packet delivery in the presence of sink mobility. When the next data dissemination
starts, routing paths have been updated and data packets can be sent directly to the new
representative node.

Routing protocols might need to propagate its own control packets in the backbone. In
order to guarantee a small dissemination latency, we separate the propagation of control
packets and that of data packets, and schedule the control packets to be sent by a BB-type
schedule between two consecutive data dissemination. In the sequel, we discuss backbone
construction and three type of schedules in section 4. Then we present a scheme that updates
routing state to handle sink mobility in section 5.
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4 Backbone-based Scheduling

We represent a backbone by a set of nodes V® C V and a set of links E? C E. Interferences
among backbone nodes are decided by I. We define I’ = {(u — v) € I,u,v € V*} and denote
by N?(V? E’ I%) the subnetwork formed by backbone nodes, by GY, (GY% resp.) the graph
that consists of nodes V? and links E® (I® resp.) and by A% (AY resp.) the degree of GY,
(Gl} resp.). We consider backbones with the following properties. First, in order to reduce
the number of interferences, a small Al} is required. At the same time, the sparseness of a
backbone should not compromise too much on the length of available communication paths,
so we consider backbones that are spanners, that is, subgraphs where the distance between
any two nodes is no more than a constant factor of that in the original network. To enable
communication in the backbone, GY% should be connected. We also require connectivity
between backbone and non-backbone nodes, that is, Yo € V — VP 3b € V?, such that
(v—=be EN{(—v)eE.

In this section, we present an NB-schedule for the transmission from non-backbone nodes
to backbone nodes with frame length at most Ay max,cv (67 (v)—0g(v))+Ar, a BN-schedule
for the transmission from backbone nodes to non-backbone nodes with frame length at most
Ay, and a BB-schedule for the communication in the backbone with frame length at most
O(A%Ab). Thus dissemination latency under our scheme is O(ApA; + ALAEDy) for
general cases. As we show in disc graphs in which nodes have bounded transmission and
interference ranges, Ab, and A%, can be bounded by constants, the latency is O(ApA;+ D)
in such networks. In particular, if each nodes has the same interference and transmission
range, the latency is no more than O(Ag + Dg), which is asymptotically optimal.

4.1 Backbone construction and scheduling

Here we consider a connected dominating set for the backbone structure; note that our
schedules do not rely on the specific structure. A dominating set is a subset of nodes such
that each node is either in this set or it is adjacent to some node in this set; a dominating set
is a connected dominating set if the subgraph induced by it is connected. The construction
of such a structure has been widely studied, and approaches that construct a connected
dominating set that satisfies our requirements have been proposed for unit disc graphs (e.g.,
[3, 2]). Here we briefly review such a construction and then show that our requirements are
still guaranteed when it is applied in more general networks.

Typically, a connected dominating set is constructed in two phases. In the first phase, a
maximal independent set V¢ is selected; an independent set is a subset of nodes where no
edge exists between any two nodes. Note a maximal independent set is also a dominating
set and we call nodes in V¢ dominators. In the second phase, a set of connectors, denoted
by V¢, are selected to connect dominators, thus the set V® = V¢ U V¢ is a connected
dominating set. The selection of V¢ is usually based on the connectedness of graph VirtG
which consists of nodes V¢ and links that connects all pairs of u,v € V¢ if there is a path
in Gg that connects them with at most three hops; for example, in [3], for any two adjacent
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10 Chen & Fleury

nodes in VirtG, a path of at most three hops between them is chosen and the internal nodes
in the chosen path are added to V°.

The focus of [3] is on the approximation ratio of the minimal connected dominating set
so constructed in unit disc graphs. Here we discuss this approach when it is applied in
general graphs. It is easy to see GY, is connected and each non-backbone node is connected
to a backbone node. The spanner property can be proved similarly to [2]. Here we consider
the interference degree. We define the following denotations for a subset of nodes X C V:

e U*¥(X) = the set of nodes within k hops in Gg to some node in X. It can be defined
recursively: 4°(X) = X and U*(X) = Ng(U* (X)) UU*1(X).

e o¥(X) = the maximum size of an independent set in the subgraph of G that is
induced by U*(X).

Here we show the number of backbone nodes in X, |X N Vb‘, is at most

a’(X) + a?(X) 6%221)( {®({u})}

Note the number of backbone nodes in X is [X N V?| = [XNV? + |[XNV°. By the
definition of o (X), we have | X N V4| < a%(X). Now we consider |X N V¢|. For each node
c € X NVe, there exists a pair of adjacent backbone nodes in VirtG such that ¢ is one
internal node in the path that connects them; since ¢ € X and such a path has at most 3
hops, these backbone nodes are in 4?(X). Since the number of backbone nodes in U?(X) is
at most a?(X) and each backbone node b is connected to at most a({b}) backbone nodes in

VirtG, the number of such pairs is at most o? () maxueuz(’”{a (b} . Since each of such pair
introduces at most two nodes to V¢, so we have | X N VC| < (X)) maxyenz(x) {@®({u}) }-
Thus the number of backbone nodes in X, that is, !X N Vb|, is no more than o®(X) +
02 (X) mas, s x) {0 ({uh) ).

So given a backbone node b € V°, by letting X be N; (b) and N; (b) (Ng(b) resp.), we
can get an upper bound on the interference degree (communication degree resp.) in the
backbone. Note Ng(b) € N; (b) N N; (b). Thus the problem is reduced to the maximum
size of an independent set in a node’s neighborhood defined by Gj.

While this problem is still open to an arbitrary graph, it has been well investigated
for unit disc graphs. It is proved in [2] that for every node v, the size of a maximal in-
dependent set inside the disc centered at v with radius k-units is bounded by a constant
I < (2k + 1)2. This result can be extended to general disc graphs. We show below that

2
I, < (M) , where Tmaz (Fmin resp.) is the maximum (minimum resp.) transmission

- Tmin

range of nodes in the disc with radius k-units centered at v. Note for any two nodes u and
v, ({u —=v) € EA{v—u) € E) if and only if we have |lu,v| > min{r(u),r(v)}.

Lemma 2 Given a network N'(V, E,I) modeled by a disc graph and any mazimal indepen-
dent set S, for any node v € V', the number of nodes in S that are inside the disc centered at
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2k+Tmax

Tmin

2
v with radius k-units is at most I, < ( ) , where Tmagx (Tmin Tesp.) is the maximum

(minimum resp.) transmission range of nodes in this disc.

Proof. For any u € S, we consider the disc, denoted by D(u), centered at u with radius
1 r(w)

5 min{r(u’) : |[u',ul < r(u),u € S}, which is at most 5= since ||u,u|| = 0. For any two

dominator u,v € S, we now show D(u) and D(v) are disjoint. Without loss of generality,
we assume r(u) > r(v). If D(u) and D(v) overlap, then [lu,v|| < min{r(«’) : ||v/,ul| <
r(u)} + Smin{r@) : 0] < r(v)} < SO <y, Since [ju,v]| < r(u), we have
2 min{r(v) : o/, ul| < r(u)} < 3r(v). So we have |lu,v| < # + @ = r(v). Thus we
have ||lu,v|| < r(v) < r(u), which contradicts to the condition for two nodes to be in an
independent set. Given any disc with radius k-unit, the disc D(u) of all the dominators in
this area is within a disc with radius k + *22=. So the the number of dominators is at most
m (kT ) (2k+rmu)2 -

Tmin |2
”( 2 )

Tmin

Thus if each node v can only interfere with nodes within certain range, say i(v) units, its
interference degree in the backbone is determined by the transmission ranges of nodes within
i(v) + 5 units, which are only related to individual nodes and are independent of the size
and density of the network. Thus the interference degree of the backbone is bounded by
a constant if nodes have bounded interference and transmission ranges. Even in networks
where nodes have widely varied transmission ranges, as long as nodes close to each other
have similar properties, the interference degree can still be small.

With a backbone in place, we consider a BB-schedule to guarantee interference-free trans-
missions in E?. Constraints on a coloring for a BB-schedule are given below.

Definition 2 Given a network N'(V, E,I) and a backbone structure N*(V° E° I%), a col-
oring for a BB-type schedule is a non-negative integral function color() on V° that satisfies:
V(u — v) € B, (1) color(u) # color(v) and (2) color(u) # color(w) for all w # u such that
(w — v) € I

By comparing this constraint to the definition of an Lg(1,1)-coloring on graph G in [7], we
can find this coloring is essentially an Lgy (1,1)-coloring on graph G%. A heuristics for an

Ls(1,1)-coloring on graph G has been given in [7], which can be proved to use O(AsAg)
colors. Thus the frame length of a BB-schedule constructed based on this heuristics is
O(AYAY). Note O(AYAY) is bounded by a constant in networks modeled by disc graphs
where transmission and interference range are bounded by constants.

4.2 Schedules for communication between backbone nodes and non-
backbone nodes

In this section, we aim to schedule sensor nodes’ activities to guarantee communication be-
tween backbone nodes and non-backbone nodes. In order to achieve this goal, we first cluster
the network by allocating each backbone node a set of adjacent non-backbone nodes. Then
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12 Chen & Fleury

we propose schedules that guarantee interference-free communication between a backbone
node and the non-backbone nodes allocated to it.

We represent the clustering by a function x():V® — {X : X C V — V*}, such that,
Vb € Vb, x(b) C V — VP is the set of non-backbone nodes that are allocated to b; we call
b the cluster head of the non-backbone nodes in x(b). The requirements on x() are (1)
Uperex () =V = Vb (2) Vb, 0 € Vb, b £ b, x(b) N x(') = 0, and (3) Vb € V?, Yu € x(b),
(u—b) € EAN(b— u) € E. A computation of x() will be presented in our scheduling
scheme.

Before we present our scheduling scheme, we give the constraints on the colorings based
on which our schedules are constructed. Given x(), the constraints on the coloring for
an NB-schedule are given below, which guarantees interference-free transmissions from each
non-backbone node u € x(b) to its cluster head b. Intuitively, when w transmits, no node
that is able to interfere with the reception at b is allowed to transmit. Note this is a schedule
on the transmissions of non-backbone nodes.

Definition 3 Given a network N'(V, E, I), a backbone N*(V°, Eb I®) and a clustering x(),
a coloring for an NB-schedule is a non-negative integral function color() on V — V° that
satisfies: Yb € VP, Yu € x(b), V w € V — V? such that w # u and (w — b) € I®, we have
color(u) # color(w).

We give below the constraints on the coloring for a BN-type schedule, which guarantees
interference-free transmissions from backbone node b to each non-backbone node in x(b).
Intuitively, two backbone nodes cannot transmit simultaneously if one of them can interfere
with the reception at some non-backbone node allocated to the other. Note this is a schedule
on the transmissions of backbone nodes.

Definition 4 Given a network N'(V,E, I), a backbone N°(V®, E I°) and a clustering x(),
a coloring for a BN-schedule is a non-negative integral function color() on V° that satisfies:
Vb, b € V®, color(b) # color(b') if 3u € x(b) such that (b — u) € I°.

A straightforward solution for both types of coloring is a two-hop vertex coloring on
G7r; the schedule so constructed is an entirely interference-free schedule. However, due
to the best known upper bound on the number of colors used by a two-hop vertex color-
ing, the frame length of such a schedule is O (A%) We observe that, compared to gen-
eral scheduling problems, the constraints on such schedules are much simpler. Here we
present coloring schemes specifically for such schedules and construct an NB-schedule with
Apmaxyey (67(v)—dg(v))+Ar frame length and a BN-schedule with A; frame length. Note
both have Ag frame length in the special case E = I, Our scheduling involves a computa-
tion of x(). This is different from most works that rely on backbone structures, where no
specific constraint is required on clustering, provided that non-backbone nodes are adjacent
or close to their cluster heads. Here we show that latency can be reduced if clustering is
well designed.

We assume each backbone node b is assigned a globally unique priority, prior(b); such
a priority can be computed according to some properties, e.g., node identification. Our
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scheduling scheme is presented below. For presentation simplification, we use some abstract
primitives without going into details of message exchanges. For example, the if-condition in
line I-1 can be implemented by node u sending b the priorities of all its backbone neighbors;
in line II-8, when we say a backbone node b assigns a color, say ¢, to a non-backbone u node
by statement colorng(u) = ¢, we mean b sends u a message that includes the assigned color,
and u sets its local variable colornyp (u) accordingly. Note here we use the denotation Ng(u)
instead of N (u) or N;;(u), due to the assumption that if (u — v) € E then (v — u) € E.
There are three parts in this scheme, each of which will be explained in the sequel of this
section.

Backbone-based Scheduling for Data Dissemination

Local variable at each backbone node b:
e x(b): a set of non-backbone nodes, initially x(b) = 0.

o waitnp(b): the set of backbone nodes such that, b starts coloring nodes in x(b) for an NB-schedule
only after all the nodes in waityg(b) have done with this coloring.

o waitpn(b): the set of backbone nodes such that, b starts coloring for a BN-schedule only after all the
nodes in waitgn(b) have done with this coloring.

e colorgn(b): coloring for a BN-schedule
Local variable at each non-backbone node u:

e colorng(u): coloring for an NB-schedule

Code on a backbone node b:

// Part I: Compute x(b) for each backbone node b.
I-0 for each of non-backbone node u € Ng(b) do
I-1 if (prior(b) == max {prior(t’) : ¥/ € Ng(u)}) then

1-2 add u to x(b);
1-3 endif
I-4 endfor

// Part IL: Coloring for NB-type scheduling
11-0 waityg(b) = { ¥'eVP: (N7 (b') N Ng(b) # 0)]|
(Ng(') NNy (b) #0))
A(prior(b') > prior(b))};
II-1 while (waitNB (b) 7é (Z)) do
11-2 Upon receipt of a message indicating b’ € V? is
done with NB-coloring

11-3 if (b € waityg(b)) then remove b’ from waitng(b);
11-4 endwhile
I1-5 if (waitnyp(b) == 0) then
11-6 for each node u € x(b) do
-7 ib(u)={b eVv?P:

(' €(N; (u)—Ng (w)A(prior(b')>prior(b))};
I1-8 colorng(u) = a color that has not been assigned

to the non-backbone nodes in
Uy can@yx(b') U N (b);
11-9 endfor
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14 Chen & Fleury

11-10 broadcast in Np(N; (b)) U N (Ng(b)) that b is
done with NB-coloring.
1I-11 endif

// Part III: Coloring for BN-type scheduling
110 f(b) = {b' € V®:Jue x(t'),ue N (b)}
1I-1 waitgy = {b/ € VP : ¥ € f(b) A prior(b)) > prior(b)}
11I-2 while (waitgn # 0)
111-3 Upon receipt of a message indicating ¥’ € V? is
done with BN-coloring
111-4 if (b € waitpn(b)) then remove b’ from waitgn(b);
IT1I-5 endwhile
II1-6 if (waitgn(b) == 0) then
111-8 colorgn(b) = a color that has not been assigned to
nodes in f(b);
111-9 broadcast in f(b) that b is done with BN-coloring;
I11-7 endif

4.2.1 Computation of ()

In Part I of our scheme, each backbone node b computes the set of non-backbone nodes,
x(b), that will be scheduled to transmit to and receive from b. Intuitively, each non-backbone
node picks the backbone node that has the highest priority among those in its neighborhood
to be its cluster head. For example, in Figure 2, node u has two backbone neighbors by and
b1; the one with higher priority, b, is selected as its cluster head and u € x(bg). It is easy
to verify the x() so computed satisfied the three properties we require on clustering,.

Uy, : link in E and u is not in X (b)
u==b :link in E and u in X(b)
: link in I-E

prior(bo) > prior(b1) > prior(b2) > prior(b3)

Figure 2: Part I of our scheduling

4.2.2 Construction of nb-schedules

Part II computes a coloring for a NB-schedule. In such a schedule, all the backbone nodes
stay in receive mode and transmissions of non-backbone nodes are scheduled based on the
coloring function colorng() defined on V — V. Given y() and any non-backbone node
u €V —V? colorng(u) is assigned by its cluster head, that is, b € V? such that u € x(b).
Each backbone node b colors non-backbone nodes in x(b) after all the backbone nodes in
waitnp (b) are done with this coloring. Intuitively, waitng(b) (line IT-0) is the set of backbone
nodes {b'} that has a higher priority and satisfies that (1) transmissions from a neighbor of
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b can interfere with the reception at b/, that is, N; (b') N Ng(b) # (), or (2) transmissions
from a neighbor of b’ can interfere with the reception at b, that is, Ng(b') N N, (b) # 0.

Intuitively, each time a backbone node b colors a non-backbone node u € x(b) (lines II-6
to I1-9), it guarantees the following two properties. First, for each backbone node b’ that has
a higher priority, the receptions at &’ from each non-backbone node in x(b') is interference-
free. This can be achieved by assigning u a color that is not used by the non-backbone
nodes in x(b’) for all the higher-priority backbone nodes with which u can interfere, that is,
{t/ e VP (b € Nj(u)) A (prior(V') > prior(b))} (see Figure 3, where prior(b;) > prior(b),
i =1,...,k); as we shown in theorem 3, this set is exactly the set ib(u) computed in line
I1-7. The second property is that the receptions at b from the non-backbone nodes in x/(b)
that have been colored are guaranteed to be interference-free; this is achieved by assigning
u a color that are not used by those in N (b).

Theorem 3 Part II of our scheduling scheme constructs an NB-schedule with frame length
at most Ap max,ev (07 (v) — §p(v)) + Ar.

Proof. Note Vb € Vb, Vu € x(b), {t/ € VP : (V/ € N (u)) A (prior(b') > prior(b))} =
{t/ e VP: (b € Njf (u) — Ng(u)) Alprior(V') > prior(b))}, because {' € V?: (b € Ng(u))A
(prior(t/) > prior(b))} = 0 as b is the backbone node with the highest priority in Ng(u)
(lines I-1 to I-3). Now we consider Vb € Vb, Vu € x(b), YVw € V — V? such that w € N; (b).
Let b' € V? be the backbone node such that w € x(b'). There are three cases.

e If b/ ==, then by lines I1-6 to I1-9, colornp(u) # colornp(w) since {w,u} C x(b) C
N, (b).

o If prior(t/) > prior(b), then V' € waitng(b), since w € N; (b) and w € x (V') C
Ng(b'). So when u is colored by b, w has been colored by '. By line 11-8, colorng(u)
is assigned a color that is not used by nodes in N, (b), including colorng(w). So
colorng (u) # colornp(w).

o If prior(t') < prior(b), then b € waitng(b'), since w € N, (b) and w € x(V') C
Ng(b'). So when w is colored by o', u has been colored by b. As w € N; (b), we
have b € {V" € V*: (' € N/ (w)) A prior(t’) > prior(t)} = ib(w). By line II-8,
colorng(w) is assigned a colored that is not used by nodes in Uy ¢y x ("), including
colorng (u) since b € ib(w) and u € x(b). So colorng(u) # colorng(w).

Now we consider the number of used colors. For any backbone node b and non-backbone
node u € x(b), we have | Uy cip) x(0')| < Aplib(u)| < Apmaxyey (57 (v) — 8p(v)). When
node b colors u in line 11-7, the number of colors that are taken by nodes in Uy cpeu)x(b")
and those in N, (b) that have been colored is at most Ap max,ecy (87 (v) =g (v)) + Ay — 1.
Thus there exists a color in [0, Ag max,cy (6, (v) — 0g(v)) + Ay — 1] that can be assigned
to u. |
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4N link in E and u in X(b)

- b : link in E and u not in X(b)
: link in I-E

Figure 3: Part II of our scheduling

4.2.3 Construction of bn-schedules

In Part III, a coloring for BN-type scheduling is proposed. The idea is very straightforward.
Each backbone node b computes the set of backbone nodes f(b) = {0’} such that transmis-
sions from b might interfere with receptions of nodes in x(b’). Then a coloring is applied to
guarantee b and b’ are not assigned the same color. Since |f(b)| = [{' € V?: Fu € x(V'),u €
N7 ()} <N/ (b)|, A; colors are sufficient for such a coloring.

Theorem 4 Part III of our scheduling constructs a BN-schedule with frame length at most
Ag.

5 Sink mobility

In our approach, each sink is assigned an adjacent sensor node as its representative node,
which is responsible to forward it data packets. Routing protocols used to propagate packets
in the backbone should guarantee that each packet is sent to at least one of the represen-
tative nodes. Technically, any protocol that satisfies this condition can be used. Here we
propose a link update scheme to handle sink mobility with a small overhead for loop-free
protocols, that is, protocols under which routing links form a directed acyclic graph (DAG).
For presentation simplicity, we describe the routing state of such a protocol by a subset of
neighbors, to_hops(v) C Nb%(v), at each backbone node v € V?, indicating that, upon receipt
a packet, v will forward the packet to nodes in to_hops(v). Thus the set of routing links can
be represented as | J, .+ ((v — u) : u € to_hops(v)).

Given a network N (V, E, I) with a set of sinks S and a backbone N*(V?, E® I?), for each
sink s € S, we denote by rep(s,T) € V'’ the representative node of sink s at a given time
T and by R(T') = {rep(s,T) : s € S} the set of all the representative nodes at time 7. Our
focus is on how to update the directions of the routing links to guarantee that packets sent
by each backbone node are forwarded to at least one of the representative nodes without
violating the loop-free condition in the presence of sinks mobility. We formally present this
condition below:

Definition 5 Given a network N(V, E, I) with a set of sinks S and a backbone N°(V® Eb 1Y),
we define the following two conditions for a given time T':

e LOOP-FREE: the subgraph of GQE induced by the routing links is a DAG.
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e CONNECTIVITY-TO-SINKS: Vo € V? — R(T), 3r € R(T) such that there is a directed
path from v to r in the subgraph of Gl}; induced by the routing links.

As sinks move around, these conditions might be invalidated due to the changes in
the composition of set R(T). Assuming these conditions are true at time 7', we present
below a scheme to update routing state when the condition is invalidated, say, at time
T'. We denote the set of sinks that have changed their representative nodes since T by
S*={s e S:rep(s,T") # rep(s,T)}. For each sink s € S*, let Path(s) be a path in the
backbone that connects the old representative node, rep(s,T), and the new representative
node, rep(s, T"). Here we assume each sink s has a unique identification, id(s). Nodes in
the paths {Path(s),s € S*} or those adjacent to some node in these paths update their
routing state as follows, where complications arise when the paths Path(s) for different sink
s intersect. Intuitively, a representative node will not relay any data packet (lines I-1 to
I-3 and line II-1). For each non-representative node u in these path, if u is adjacent to
some representative node, it forwards packets to the adjacent representative nodes (line I-4
to I-6); otherwise it forwards packets along the path associated with the sink that has the
largest identification among those in {s € S* : u € Path(s)} (lines I-7 to I-8). For each
non-representative node that is adjacent to some node in these paths, it forwards packets to
the adjacent nodes in these paths (line II-2).

for Yu € US€S* Path(s),
I-1 if (u € R(T")) then
1-2 to_hops(u) = 0;

1-3 else

-4 if (Ng(u) N R(T")) # 0) then

I-5 to_hops(u) = N (u) N R(T');

1-6 else

I-7 let u’ be a node such that (u — u') € Path(s’),
where s’ = max{id(s) : s € S*,u € Path(s)};

I-8 to_hops(u) = {u'};

I-9 endif

I-10 endif

for Yu € Ng (Uses* Path(s)) — Uses* Path(s),
II-1 if (u € R(T")) then to_hops(u) = 0;
112 else add N%(u) N Uses* Path(s) to to_hops(u).

/4 routing link involved
in update

other routing link

O representative node

Figure 4: Link update on backbone
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An example is given in Figure 4. As for nodes in Path(s), we have to_hops(r’) = §) (line
I-2) and to_hops(d) = {r'} to_hops(c) = {1’} (line I-5), to_hops(b) = {c}, to_hops(a) =
{b}, to_hops(r) = {a} (line I-8). As for nodes adjacent to nodes in Path(s), we have
to_hops(r”) = () (line II-1) and to_hops(g) = {r’, c}, to_hops(f) = {c,r"}, to_hops(e) = {a, b}
(line II-2). It is obvious that only nodes in |J,.g. Path(s) and N} (U,cg. Path(s)) update
their routing state. We state below that the resulting routing state satisfies the LOOP-FREE
and CONNECTIVITY-TO-SINKS conditions.

Theorem 5 Given a network N(V, E, I) with a set of sinks S and a backbone N*(V° E° I?),
if the routing state satisfies the conditions in Definition 5 at time T, then after the routing
state is updated at time T’, these conditions are still quaranteed.

Proof. First we prove no cycle is formed by the routing links in the resulting state.

We assume in contradiction that a cycle exists, cir = {co....,cx_1}, where c(y1)yur €
to_hops(¢;),i = 0,...,k — 1. Note no node in cir is a representative node because of
to-hops(r) = () for any representative node r. Now we show cir C (J,cg. Path(s) or

cir C Vb — Usege Path(s): if it is not true, without loss of generality, we assume ¢; €
Uses+ Path(s) and c;11 € VP — (J,cg. Path(s); note to_hops(c;) € R(1") (line I-5) or
to_hops(ci) € J,cg+ Path(s) (lines I-7 to I-8), so we have c;11 & to_hops(c;), which is a
contradiction. Since the LOOP-FREE condition was true at time 7" and no link that connects
two nodes in V — J,.g. Path(s) is added, we have cir C |J,.g. Path(s). Note cir cannot
be a circle if there is ¢ € [0, k— 1] such that ¢; is adjacent to a representative node, since oth-
erwise ¢;11 is a representative node (line I-5). Thus to_hops(c;) is computed by lines I-7 to
I-8 . Given ¢;, i € [0, k—1], let s; be the sink such that id(s;) = max{s € S* : ¢; € Path(s)}.
We have (c; — c(it1)%r) € Path(s;). Since ¢;1; is a non-representative node, Path(s;) does
not end at node c¢;+; and there is a link (c;+1 — ¢’) € Path(s;) for some neighbor ¢’ of
ciy1- By the computation of to_hop(c(it1y%k), we have id(s;) < id(s;11). Thus we have
id(sp) < id(s1) < ... < id(s;—1) < id(sp), that is, Path(sg) is a circle. Contradiction! So
we proved no cycle is formed by the routing links in the resulting state.

Now we prove that, given any non-representative node, there is a path from it to some
representative node. Note each non-representative node has at least one outgoing routing
link. Since there is no cycle and the number of nodes is finite, by following these outgoing
links, we can eventually reach a representative node. [ |

6 Conclusion

We propose backbone-based schedules that achieve fast data dissemination. The proposed
schedules can also be used for general communication that rely on a backbone structure.
Theoretical analyses are given and we show that the proposed scheme is asymptotically
optimal for disc graphs where nodes have bounded transmission range and nodes can interfere
with each other if and only if they can communicate with each other. We further propose an
approach to update routing state to handle sink mobility with a small overhead for loop-free
protocols.
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