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Abstract. In self-organizing networks of battery-powered wireless sensors that
can sense, process, and communicate, energy is the most crucial and scarce re-
source. However, since sensor network applications generally exhibit specific
limited behaviors, there is both a need and an opportunity for adapting the net-
work architecture to match the application in order to optimize resource utiliza-
tion. Many applications–such as large-scale collaborative sensing, distributed sig-
nal processing, and distributed data assimilation–require sensor data to be avail-
able at multiple resolutions, or allow fidelity to be traded-off for energy efficiency.
We believe that cross-layering and application-specific adaptability are the pri-
mary design principles needed to build sensor networking protocols. In previous
work, we proposed an adaptive cross-layered self-organizing hierarchical data
service under COMPASS architecture, that enables multi-scale collaboration and
communication. In this paper we propose a time division multiplexing medium
scheduling protocol tailored for this hierarchical data service, to take advantage
of the communication and routing characteristics to achieve close to optimal la-
tency and energy usage. We present an analytical proof on the bounds achieved
by the protocol and analyze the performance via detailed simulations.

1 Introduction

Sensor networking has emerged as a promising tool for monitoring and actuating the
devices of the physical world. It employs self-organizing networks of battery-powered
wireless sensors that can sense, process, and communicate. Such networks can be rapidly
deployed at low cost, enabling large-scale, on-demand monitoring and tracking over a
wide area. The sensors can be deployed where it is difficult or resource-intensive to mon-
itor the environment otherwise. Typical deployment examples are natural or man-made
crises like severe weather, wild-fires, earthquakes, volcanic activities, chemical, biologi-
cal or nuclear agents, and structural and habitat monitoring. In general, the sensors mea-
sure physical quantities at different spatial and temporal levels, supporting in-network
signal processing and data assimilation. Queried results are next communicated with one
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or more data sinks. Finally, based on the prevailing result, the sink nodes perform the
desired computation to monitor and actuate the physical devices.

In this paper, we propose the design of an adaptive cross-layered scheduling service
for a hierarchical network architecture providing for multi-scale collaboration. Energy
and communication bandwidth are two of the most crucial and scarce resources in a
sensor network. Also, sensor network applications generally exhibit application spe-
cific characteristics. Consequently, there is both a need and an opportunity for adapting
the network architecture to match the applications. The objective is to minimize the re-
source consumption while extending the life of the network. There are specific require-
ments and limitations of sensor networks, which make their architecture and protocols
both challenging and significantly different from that of traditional network architec-
tures.

1.1 Motivating Application

The motivation to undertake this research came from the industrial need of sensor net-
work architecture for real life applications. Deployment of sensor networks to monitor
the ultra-clean environment for Intel fabrication plant [1] is a glaring example. The
fabrication plants use some of the most delicate equipments to produce hundreds of
thousands of chips daily. The fab process requires an ultra-clean environment with con-
trolled temperature and humidity. This critical environment is maintained by a com-
plicated cooling system composed of a diversity of pumps and coolers, amongst other
machines, with multiple moving components. The breakdown of any of this equipment
has a critical impact on the production line and results in significant losses. Today, Intel
technicians manually carry around sensors to monitor abnormal vibrations in the equip-
ment, which can detect worn bearings, failing compressors, and defective chillers. This
vibration data is fed to an application which uses Fourier analysis to compare against
expected profiles. When the analysis detects a variation in vibration outside the normal
range, the affected equipment is scheduled for maintenance during normal down time.

Automation of this process makes it less dependent on human frailties—fatigue,
oversight, and error—as well as enables more frequent monitoring for failures with
rapid deterioration characteristics. Recently, Intel deployed a sensor network for gath-
ering requisite operational data in an efficient way.

Real life deployment of proposed scheme demands robustness and optimization in
many critical areas. Challenges in such a system include clustering together nodes of
interest, providing communication paradigms for ease of application development, and
efficient scheduling of communication between the battery-powered nodes. Optimiza-
tions possible include the following: (1) Temperature and vibration are monitored at
different scales, and the reading of coarse granularity is reported frequently. Finer gran-
ularity readings of different scales are reported less frequently to conserve energy. For
uni-dimensional data, like temperature or humidity, simple operations like computing
the maximum or average suffice in the hierarchy of sensors. For multi-dimensional data,
like vibration data, more complex compression algorithms can be utilized to reduce the
data for communication. (2) In case of anomalous data, finer resolution sensor readings
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are necessary to localize the area from which the anomaly was generated. Automatic
alarms, with exact location and nature of the problem, are triggered for the operator,
who then schedules immediate maintenance of the equipment.

1.2 COMPASS Overview

Many applications, such as large-scale collaborative sensing, distributed signal process-
ing, and distributed data assimilation require the sensor data to be available at multiple
resolutions, or allow fidelity to be traded-off for energy efficiency. The COMPASS ar-
chitecture [2] we proposed enables scalability, localization and resolution-tuning, as
well as provides communication abstractions to simplify application design. A few il-
lustrations of applications that take advantage of this multi-scale approach include the
following:

– Multi-resolution Data Extraction: A monitoring application requires variable res-
olution of sampled data. It requires higher resolution during operation at specific
times of day or during periods of large variation, but lower resolution at other times.
Also, a finite energy budget might be specified, and the resolution has to conform
to this budget while providing the best possible resolution.

– Requisite Resolution Drilling: An application may demand relatively higher reso-
lution data from a specific region. For example, the specific region might be a high
security area thereby requiring closer monitoring, or the region might be deemed
to be of greater interest because of the inherent nature of low-resolution data ema-
nating from it. The specific region might actually have a fire, or may be generated
due to malfunctioning sensors generating anomalous data.

The sensed data are the measured quantities governed by laws of physics. Conse-
quently, there exists considerable temporal and spatial locality of measured data. For ex-
ample, a sensor measuring temperature will have a high correlation with that of nearby
sensors, as well as with its values sensed at earlier times. A simple hierarchical struc-
ture supporting multi-resolution will not be able to exploit such correlation effectively.
A network hierarchy aligned to the communication flow can lead to operational effi-
ciency in respect of volume and frequency of data to be transmitted. In this background
we proposed a self-organizing, self-adapting sensor network architecture based on the
specific requirements of an application.

The proposed architecture takes advantage of the fact that sensor network applica-
tions exhibit specific sets of behavior, compared to completely generalized network ap-
plications. The communication pattern in respect of source-destination pairs, as well as
duration and periodicity, is known a priori in many applications. As opposed to multi-
hop forwarding in ad hoc networks, the fusion of forwarded data in a sensor network
opens the possibility of reduced communication, achieving higher efficiency of energy
management. Hence, there exists opportunities to adapt the network protocols to meet
the application requirements. Such adaptations require cross-layer optimizations in the
networking stack, which goes beyond the strict protocol layering.
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2 Adaptive Scheduling Service

This paper presents the design and evaluation of a scheduling protocol tailored for a
multi-scale architecture. This energy efficient scheme enforces a tight bound on la-
tency. It exploits the characteristics of sensor networks—periodic communication, lim-
ited communication abstractions, and known fusion function properties. To the best of
our knowledge, scheduling based on information dependency of this type has not been
attempted earlier. This scheduling takes into account the data flow as well as the ag-
gregation performed at each hop. The scheduling protocol is adaptive: it is driven by
the application demand and optimized for energy usage. Since no one single schedul-
ing protocol is well-suited for all sensor applications [3], the network services need
to adapt to the application-specific requirements. We design the scheduling protocol
for data monitoring applications like that in the Intel fabrication plant noted earlier.
Although the scheduling protocol has been optimized for such an application, it can
support any generalized communication paradigm.

In the following sections, we present the background followed by a survey the related
work. Next, we provide the design of the protocol, analyze its bounds, and report the
simulation results.

2.1 Design Principles

In this section, we explore the design space for the scheduling protocol. The scheduling
is a way to allow contending nodes to share a common channel by allocating non-
conflicting time slots. The alternate to such a scheduling approach is contention-based
access.

In shared-medium networks, one of the fundamental tasks of a medium access con-
trol (MAC) protocol is to avoid collisions between two interfering nodes. The protocol
allocates the channel to the nodes efficiently, so that each node can communicate within
a bounded waiting time and with as little overhead as possible. Some of the important
attributes for traditional MAC protocols are fairness, latency, throughput, and band-
width utilization. In contrast, the important attributes of a MAC protocol for WASN are
energy efficiency and scalability towards size and topology change. The major sources
of energy waste as elaborated by Ye et al. [4] are:

– Collisions: A collision results in corruption of a packet and subsequent retransmis-
sion, leading to increased energy consumption and latency.

– Idle listening and overhearing: Listening for packets addressed to this node or
destined for other nodes wastes energy. Idle listening consumes significant energy
comparable to actually receiving a packet.

– Control packet overhead: Increased control overhead consumes extra energy for
transmitting and receiving these control packets.

The prior MAC protocols proposed [5,4] for WASN have identified and addressed
many of the WASN environment requirements. However, the inherent advantages that
can be derived from the specific characteristics of WASN have not been fully exploited.
The following properties of WASN applications can be exploited for the MAC protocol
design:
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– Many sensor network applications have communication requirements that are peri-
odic and known beforehand such as collecting temperature statistics at regular inter-
vals. This periodic nature can be used to schedule the medium access by the nodes
and thus minimize collisions. This can also aid the radio interfaces sleep/wake-up
decisions and thereby decrease the idle listening and overhearing.

– A contention-based medium access scheme will also be necessary to support event-
driven applications, such as intrusion or fire detection. The forwarding node can
be woken up in time to process event-driven data by making it application-aware.
Real-time constraints can be communicated from the application to adapt the MAC
protocol to meet its deadlines.

– Frequently, sensor network applications are used for data gathering or monitoring,
which implies that those communication flows are destined towards the sink. This
single-destination communication characteristic can be taken advantage of in the
MAC protocol to build efficient transmission schedules.

– In-network processing is used in sensor networks to reduce communication require-
ments. Knowledge of the aggregation characteristics can help determine a bound on
the traffic requirements of each node.

The MAC protocol should have two modes to support the two different communica-
tion requirements of sensor applications, namely periodic and event-driven. The need
to support these two kinds of modes was recently proposed in the IEEE standard for
low-power sensors [6]. The relative proportion of the two modes in a frame can be dy-
namically determined by the applications, depending on the application’s current needs.

Periodic Contention-Free Period: Medium access in this mode is of the class of Spa-
tial Time Division Multiple Access (STDMA) [7] protocols. The application’s deter-
ministic traffic distribution during the periodic communication can be used to compute
an efficient slot allocation policy. The length of each slot should be large enough to send
a complete data packet of fixed a size.

Event-Driven Contention Access Period: During this mode, a sensor will be in sleep-
mode except when necessary to communicate. The mode is based on IEEE 802.11
protocol [8] with carrier sense and RTS-CTS.

3 Related Work

There is a significant body of research that addresses the problem of providing access
to the medium for next-hop communication. These protocols can be categorized as
contention-based and schedule-based.

3.1 Contention-Based Protocols

IEEE 802.11 [8] is the best-known example of a contention-based MAC protocol. It
uses a carrier sense multiple access technique combined with a handshake mechanism
to access the channel and avoid collisions. A key limitation of IEEE 802.11 is that
the nodes stay in idle mode for a long time, and hence this protocol is not suitable for
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energy-constrained nodes. A simple Power Save Mode (PSM) is specified in order to re-
duce the energy consumption. Nodes are time-synchronized and awake at the beginning
of a certain multiple of a beacon interval (called the Listening Interval and depends on
the client configuration). It stays awake for a certain fixed period, and during this time,
packets are exchanged to inform the nodes of buffered traffic. The nodes for which
traffic is destined will remain awake after the fixed interval to receive the packets.

El-Hoiydi [9] proposed a low-level carrier sense technique that effectively duty cy-
cles the radio. The basic idea is to shift the cost of data transfer from the receiver to
the transmitter by increasing the length of the preamble. This leads to greater energy
efficiency, as the number of receivers is more numerous than the number of transmitters
in a broadcast network. In a recent implementation of this idea in the B-MAC proco-
tol [10] as part of TinyOS, this preamble length is exposed as a parameter to the upper
layers, so the application can select the optimal trade-off between energy savings and
performance.

To reduce the overhead of periodic waking up and listening for incoming packets,
there have been a number of proposals addressing this issue. The PAMAS protocol [11]
was one of the first power-saving protocols that allows nodes to sleep when there is
ongoing transmission in the neighborhood, leading to increased energy savings. S-
MAC [4] adds a fixed slot structure and does duty cycling within each slot. At the
beginning of each slot, nodes wake up and contend for the channel. The duty cycle can
be directly controlled by the application for energy-performance trade-off, but the duty
cycle must be fixed a priori. T-MAC [5] introduced an adaptive duty-cycle to automat-
ically adjust to traffic fluctuations inherent in many applications.

All of the above techniques are useful for energy optimization when the traffic pattern
is unknown. However, for situations when traffic pattern and routing path are known a
priori, it makes sense to take advantage of this information for additional optimization.

3.2 Schedule-Based Protocols

Schedule-based MAC protocols are attractive because they are collision-free and there
is no idle-listening. In this class of protocols, a slot is allocated for one node per neigh-
borhood uniquely. This collision-free slot is used by that node for transmissions to any
or all of it’s neighbors. Thus two nodes cannot be assigned the same slot if one station
is within the range of the other, or if two stations have common neighbors. The objec-
tive of these schedule-based protocols is to allow communication without interference,
while maximizing the number of parallel transmissions.

Over the years, a substantial number of algorithms [12,7,13] have been published in
an effort to solve the collision-free scheduling problem in multi-hop wireless networks.
As the optimal scheduling is an NP-hard problem, all of these algorithms provide ap-
proximate solutions. These mostly centralized protocols are not optimized for sensor
networks that have several unique characteristics compared to typical multi-hop ad hoc
networks.

Bluetooth scheduling [14] is a closely related field of work. It enables formation of
multi-hop networks using a combination of piconets, called scatternets. Each piconet
has a master and up to seven slaves. Bluetooth does not use a global slot synchroniza-
tion mechanism. Each link is individually synchronized by a reference provided by the
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master in the link. Therefore, for multi-hop forwarding, slots are wasted as nodes need
to switch time references. Various techniques have been proposed to address this time
reference alignment problem. However, global synchronization is frequently required
by the applications themselves in sensor networks, so it is reasonable to assume the
existence of such a mechanism. Also, the master-slave structure in bluetooth is only
one-hop and hence cannot be directly applicable to schedule the multi-hop trees formed
by our proposed multi-scale architecture.

For multi-hop sensor networks, the TRAMA protocol [15] is one of the first propos-
als and is based on the NAMA protocol [16]. The nodes periodically awake to exchange
broadcasts to learn the two-hop neighborhood. Using this knowledge, nodes reserve
slots in the future for backlogged traffic. The protocol uses a hash function for detect-
ing priority among contending neighbors. This leads to priority chaining whereby nodes
can get higher priority in one neighborhood and lower in another, causing inefficient
scheduling. TRAMA tries to schedule packets hop-by-hop instead of flows, leading to
higher end-to-end latency.

Sichitiu’s work [17] is the closest to ours with regard to the fact that it tries to sched-
ule flows end-to-end. It dynamically sends a SETUP packet to schedule new flows. If
this packet is received without collision by the receiver, this slot is scheduled for this
pair of neighbors. This receiver then uses the same mechanism for forwarding the packet
over the next hop towards the data sink, thereby creating a scheduled flow for the whole
path. This approach is similar to the one we use for scheduling flows in our inter-cluster
scheduling. However, our intra-cluster protocol takes advantage of the fact that sensed
data are processed at each hop in many typical sensor network deployments, leading
to better compression and lesser number of slots necessary. In Sichitiu’s protocol, each
flow is individually scheduled, leading to higher latency in data sensing applications.

3.3 Graph Coloring

The scheduling problem can be directly mapped to the graph coloring problem. Min-
imum graph coloring is a well-known NP-hard problem and has been researched for
several decades in order to find solutions closest to the optimal. In the graph, a valid
distance-2 coloring assigns different colors to any pair of nodes between which there is
a path length of at most 2; this is very similar to producing a conflict-free schedule. A
good background work based on this is provided by Marathe et al. [18]. However, graph
coloring corresponds only to the 2-hop conflict-free property necessary for scheduling.
In our scheduling protocol, we have additional constraints on slot allocation due to
which previous graph coloring techniques cannot be directly applied. These constraints
are elaborated in the next section.

4 Medium Access Scheduling in a Hierarchy

This section describes the design of the medium access protocol for a hierarchically
clustered network. This medium access protocol is specifically designed for supporting
the communication abstractions supported in this architecture. There is a Conflict Free
Period (CFP) for periodic a priori known traffic, and a Contention-based Access Period
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(CAP) for nodes to send event-driven traffic, and to introduce new periodic traffic. A
TDMA-style protocol is designed for the CFP, and we leverage the existing literature
on energy-efficient CSMA protocols [19,4,5] for the CAP.

A time frame in the protocol is shown in Figure 1. Interval L1 interval corresponds
to communication amongst nodes within the first-level cluster. A near optimal protocol
proposed to schedule intra-cluster communication is the main contribution in this chap-
ter, and is elaborated in Section 4.1. Interval Li for i > 1, is the time interval during
which communication takes place between cluster-heads at level i. The intervals for
communicating among different levels are separated so as minimize the perturbation
at higher levels when localized change takes place in lower-level schedules. The total
length of this CFP period is kept as small as possible for two reasons: (1) the CFP pe-
riod gives the lower bound on the real-time responsiveness of the system; and (2) the
nodes need to stay awake only during part the CFP period.

i

CFP

L L L L1 2 3L 4 iS

CFP = Collision Free Period

Frame

CAP

S      = Synchronization 

CAP = Contention Access Period
iL      = Level   slots

Fig. 1. Frame diagram

We make the following assumptions in the design of the protocol:

– Wireless links used for sending or receiving packets are bi-directional. This as-
sumption is typical for most MAC protocols.

– The interference range is the same as the range for transmission and reception. The
interference range depends on a variety of factors and cannot be represented easily
as a function of the transmission range. Most collision-free scheduling work on the
approximation of equality between transmission and interference range.
This assumption can be relaxed using techniques such as RID [20], where instead
of 2-hop communication to reach interfering nodes, multi-hop forwarding is used
to reach the interfering nodes. My theory of conflict-free slot allocation proposed
in this design requires the ability to ascertain and communicate with interfering
nodes. Thus, our protocol can be adapted to use RID in future, as RID provides
these.

– A clock synchronization facility [21] exists.

This new scheduling protocol is designed specifically for multi-scale data retrieval
applications, where data flows from the sensors to the sink. This is the common case
usually encountered in a typical sensor network application.
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Algorithm 1. Centralized Algorithm for Intra-Cluster Scheduling
Require: k slots necessary per node known; Depends on fusion function and number of children

1: Traverse tree in Depth First order from cluster root
2: Finish order of the visit forms a topological sort to give a partial order
3: For each visited node, assign a minimum possible slot number s, with the following con-

straints
4: repeat
5: s > max (slot number allocated to any child)
6: s �= slot already allocated to any node within 2 hops
7: until k consecutive slots are found

4.1 Intra-cluster Scheduling

Protocol. The chief design goal of this scheduling protocol is to allocate spatially
conflict-free slots for each node within a cluster. A tree-like hierarchy within each
lowest-level cluster has already been created by the routing protocol. The other design
goals of this protocol are as follows:

1. Partial order: As the data flows upwards from the children to their parent, the par-
ents are allocated slots subsequent to the allocated slots of their children. This prop-
erty allows data from the lowest level sensor to flow to the top-level sink within one
frame, thereby decreasing the latency for data gathering per epoch. This induces a
partial ordering of the nodes to be maintained by the scheduling scheme.

2. Contiguous allocation: The slots allocated to the children of a node should be
close together, such that the parent can wake up for one contiguous time to receive
data packets from its children, and can then switch off the radio to save power. As
switching between on and off state consumes time and energy, contiguous alloca-
tion is beneficial. This entails a scheduling policy in which the slots of siblings
needs to be grouped together.

3. Fusion characteristics: The fusion function characteristics at each node are known
a priori, such as through the Information Exchange Service (IES) [22]. Fusion func-
tion characteristics are analyzed by the scheduling protocol to determine the num-
ber of slots to be allocated at each level. For example, for a fusion function such
as average sensed value, the parent needs to average its own value with the value
received from each of its children and then send it upwards in a single slot. The
number of slots to be allocated to a node per frame also depends on the application-
determined periodic rate, which can also be known through the IES. Therefore, a
node might have multiple slots allocated, as deemed necessary by the fusion func-
tion.

We first describe a base centralized scheduling scheme, that allocates conflict-free
slots and later generalize it to a distributed scheduling scheme. The centralized scheme
is shown in Algorithm 1, Within the lowest level cluster, a cluster-head coordinates
the traffic out of that cluster. It does a Depth-First Search (DFS) of the tree rooted
at itself, and sorts the nodes according to the finish order (of a DFS visit) to give a
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post-order traversal of the nodes within the cluster. The post-order traversal has the
desirable property that the parent has a finish order immediately after the finish order
of its children in the tree. The slot times are assigned according to that given by the
topological sort, thereby providing the desired partial order. This algorithm produces a
collision-free slot allocation within a single cluster. However, this centralized scheme
has the following three problems: (1) It assumes a complete graph knowledge. (2) It
leads to a very inefficient slot allocation, with no concurrent communication at all. This
produces a large CFP, which is detrimental for real-time response. This is shown in
Figure 2, where 7 slots are used for 7 nodes. In the figure, the lines show the parent-
child relationship in the cluster and the dotted lines show that that nodes at the two ends
of that line are within range of each other. (3) Inter-cluster interference is not accounted
for.

We next describe a distributed token-passing protocol to compact the slot allocation
and meet all the other design goals. This algorithm is formally described in Algorithm 3.
The algorithm requires each node to know its 2-hop neighborhood, the cluster it belongs
to, and its parent and children. The cluster root generates a token packet and passes the
token around in DFS order. The node holding the token allocates a slot for itself when
the token comes back to it after traversing all its children. The allocated slot is put
inside the token, and hence the token contains the allocated slots of all the nodes it has
traversed. As the siblings need to be allocated slots as close to each other as possible, a
slot is chosen according to this condition. There is a trade-off possible between choosing
closer slots to minimize the number of transitions, or choosing the minimum possible
slot to minimize the total number of slots needed for CFP.

Choosing the next child to visit in the DFS can be random (which we call the Base
algorithm) or based on some graph property. Based on observation from Figure 4 and
experimental comparison with a few other techniques, we order the children based on
their degree and choose the next child to visit based on that order. The other techniques
we compared with are: ordering based on the number of children each node has, and
ordering based on the number of nodes in the subtree rooted at the node. The intuitive
reason is to allocate the lesser slots to the nodes in a dense area, thereby leading to less
conflict allocating slots in the less dense areas. We call this version of the algorithm the
Degree algorithm.

Analysis. This problem can be mapped to a graph coloring problem as follows. The
network is taken as a graph (G), and a graph G2 is produced. G2 has the same vertex set
as G, and all the pairs of vertices which are 2-edge reachable in G have an edge in G2.
Thus, G2 gives the interference graph similar to our node scheduling problem. Coloring
a graph is an NP-hard problem even in a centralized setting, and many approximate
coloring solutions have been proposed in the graph theory literature. However, due to
the constraints on slot allocation induced by the partial ordering, none of these solutions
can be directly applied for our scheduling scenario. The graph being that of a wireless
network, it is an Unit Disk Graph (UDG) having special properties. In a UDG, a link
between two nodes exists if the distance between the nodes is less than the radio range.
The competitive ratio is the ratio between the chromaticity given by the approximate
algorithm and the optimal solution.
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Algorithm 2. Distributed Protocol for Intra-Cluster Scheduling
Require: k slots necessary per node known; Depends on fusion function and number of children
Require: Each node knows its 2-hop neighborhood
Require: Each node knows the cluster to which it belongs
Require: Each node knows its parent and its children
1: For all token packets overheard, a node remembers slots its neighbor is sending or receiving
2: while All children of a node not visited do
3: Send token to one of the children not visited. The child to visit next next depends on the

heuristic chosen.
4: Wait until token comes back
5: Then remember the slot allocation of the child
6: end while
7: All nodes in the subtree rooted at the node has been visited
8: For each visited node, assign a possible slot number s, with the following constraints
9: repeat

10: s > maximum (slot number allocated to any child)
11: s �= slot already allocated in token packet
12: s �= slot overheard being allocated by another node in 1-hop neighborhood
13: Assign the k slots close to slots already allocated by it’s siblings
14: until k consecutive slots are found
15: Append the node id, its chosen sending slot, and its send mode (parent or all) to the token
16: Append the node id and receiving slots to the token
17: Send token to its parent with flag stating SUBTREE DONE
18: while Token not received from parent with flag SUBTREE DONE do
19: Wait
20: end while
21: Broadcast the final token packet locally

Lower bound on optimality: We show using a sub-graph, which we believe is the
worst-case for our algorithm, that the bound of this competitive ratio is 1.2 for our Base
algorithm. Figure 3 and Figure 4 show the nodes in a cluster labled A through H. They
form a tree hierarchy denoted via the lines. The dotted lines show two nodes within
range of each other. The numbers beside the nodes shows the slot that the node has
been allocated. Comparing the worst case slot allocation in Figure 3 with the optimal
slot allocation for the same graph in Figure 4, we get the 1.2 ratio. So, if the adver-
sary chooses the graph as well as the ordering of DFS visits in the base algorithm, our
protocol cannot expect an optimality lesser than that value.

Upper bound on optimality: Employing the properties of an UDG, an upper bound
of 6 has been also established for the competitive ratio for the base algorithm. This is
based on the observation that there can be at most 5 neighbors of a node which are not
connected to each other. If in a naive approach our algorithm gives different color to all
of its neighbors, it can at most be 6 times as bad, as there will be a clique in the size of
degree 6.

This small constant bound on the competitive ratio is a good indication of the op-
timality of our proposed solution. The time and cost for the scheduling protocol are
both O(N) where N is the number of nodes in the smallest level cluster. The clustering
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Algorithm 3. Distributed Protocol for Intra-Cluster Scheduling
Require: k slots necessary per node known; Depends on fusion function and number of children
Require: Each node knows its 2-hop neighborhood
Require: Each node knows the cluster to which it belongs
Require: Each node knows its parent and its children
1: For all token packets overheard, a node remembers slots its neighbor is sending or receiving
2: while All children of a node not visited do
3: Send token to one of the children not visited. The child to visit next next depends on the

heuristic chosen.
4: Wait until token comes back
5: Then remember the slot allocation of the child
6: end while
7: All nodes in the subtree rooted at the node has been visited
8: For each visited node, assign a possible slot number s, with the following constraints
9: repeat

10: s > maximum (slot number allocated to any child)
11: s �= slot already allocated in token packet
12: s �= slot overheard being allocated by another node in 1-hop neighborhood
13: Assign the k slots close to slots already allocated by it’s siblings
14: until k consecutive slots are found
15: Append the node id, its chosen sending slot, and its send mode (parent or all) to the token
16: Append the node id and receiving slots to the token
17: Send token to its parent with flag stating SUBTREE DONE
18: while Token not received from parent with flag SUBTREE DONE do
19: Wait
20: end while
21: Broadcast the final token packet locally

hierarchy ensures that the number of nodes in a cluster is constant, subject to the con-
stant node density. So, the algorithm is both constant in time and cost with the number
of nodes in the network.

We have also proved the upper and lower bounds on the number of slots used in the
graph.

Theorem 1. The upper bound on the number of slots used is Δ2 + h, where Δ is the
maximum node degree and h is the height of the tree.

Proof. Δ2 implies the 2-hop neighborhood of a node. As We allocate the nodes in
conflict-free 2-hop neighborhood, the whole neighborhood can always be colored using
the same number of colors as there are nodes. Hence, the whole graph can be colored
using the number of colors in the maximum degree of any node. For uniform random
distribution of nodes, we take Δ as the average degree.

The h factor comes in as one slot increases for each level of the tree. The parent needs
to be strictly one slot more than its children.
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Theorem 2. The lower bound on the number of slots used is Δ + h, where Δ is the
maximum node degree and h is the height of the tree.

Proof. As a 2-hop neighborhood is to be made conflict-free of every node, the range
of connectivity of nodes becomes 2 × r, where r is the range of the node. So, within a
circle of r radius, all nodes are within 2-hops of each other and hence form a clique—a
fully connected graph. So, atleast Δ colors are needed to color this clique.

As before, the h factor comes in as one slot increases for each level of the tree. The
parent needs to be strictly one slot more than its children.

4.2 Inter-cluster Scheduling

Inter-cluster scheduling occurs after the data has reached the cluster-heads at the low-
est level cluster. Each level of communication is separated into time, and hence does
not conflict with each other. This is shown in Figure 1, where the CFP is divided into
multiple periods for each level.

For inter-cluster communication between peers, the medium access protocol utilizes
knowledge of the routing path. Beacons transmitted by cluster-heads at all levels of the
hierarchy by the routing protocol specifies the routing path for communication between
peers at different levels. A packet reserving the channel is sent for the periodic traffic
along the routing path specified by the beacons. Each node in the path allocates slots in
a conflict-free fashion such that two different peer-paths do not conflict in time, while
ensuring maximum parallelism in the communication paths.

5 Evaluation

To evaluate the performance of this proposed protocol, we measure the latency of data
gathering and associated energy savings. As we utilize extra cross-layer information,
which no previous approach has used before, we compare against the optimal solution.

We used a simulator to randomly generate graphs, construct a tree in the way de-
scribed in the routing protocol, and then implement the scheduling protocol. The simu-
lator helped in the validation and experimentation with a number of different heuristics
to select the best one. Each of the points was generated as an average of 50 runs.

Finding the optimal solution for scheduling was the primary reason we used a graph
simulator, as using a traditional simulator with full simulation of physical and medium
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access later would have been too slow to generate the optimal solution. We imple-
mented simulated annealing technique to get the optimal solution needing exponential
complexity. Up to 10 million runs were necessary for finding each point on the optimal
graphs.

The data gathering latency is directly related to the total number of slots needed to
cover the entire network × the duration of each slot. Hence, we show the number of
total slots as a measure of latency. The energy savings come from the amount of time
(or slots) each node has to remain in active mode to receive or transmit data or idle.
This is also calculated as the average number of slots each node has to remain awake.

Figure 5 shows a random uniform distribution of 100 nodes with an average degree
of 8, and range of 100. This corresponds to a square with side as 626.6. The node closest
to the center is chosen as the sink node. All graphs have the number of nodes varying
from 10 to 1000, and average degree of 6, 8 and 10.

As the analytical upper and lower bounds depend on the 1-hop and 2-hop neighbors,
the neighborhood degrees are plotted with increasing number of nodes. Figure 6 shows
the plot for degree of 6, 8 and 10. The plots approach those values with increasing
number of nodes, but are lesser because of edge effects which lower the average.
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Figure 7 is similarly a plot of the number of 2-hop neighbors for a degree of 6, 8 and
10. The number of nodes is proportional to the area for a given uniform density. If one
takes the ratio of the area of two circles, with twice the radius in one from the other, it
will have a value of 4. But, in the graph the value is about 2.5 times the 1-hop neighbor
value. Other than edge effects, another factor which reduces it is the density of nodes.
The ratio of 4 will be reached only in a very dense topology where a 2-hop route covers
all the area of a circle with twice the radius.

The analytical bounds also depends on the depth of the tree formed. Hence, the
depth of the tree formed for increasing number of nodes is shown in Figure 8. The
height increases logarithmically as has been analytically shown before. The curve for
degree 6 leads to poor connectivity and frequently forms disconnected graph, specially
at larger number of nodes. It also leads to large depths due to long circuitous paths
because of lack of density. That is the reason for the depth curve not being smooth like
the curves for other degrees. For 500 nodes, average degree of 10 leads to height of
about 12. Figure 9 shows the latency for gathering data from every sensor up to the
sink node. It is given in terms of slots, where each slot takes the duration equivalent
to the transmission of the largest data packet. The number of slots necessary increases
logarithmically with n, thereby scaling to a large number. For 500 nodes in a cluster,
about 33 slots are needed for degree equal to 10.

The average number of slots each node needs to be awake for is presented next in
Figure 10. For 500 nodes, this value is about 3.2. The number of slots idle or trans-
mitting or receiving is inversely proportional to the lifetime of the node. The average
number of slots awake increases very slowly with increasing number of nodes, also
pointing to the scalability of the system. Assuming 500 byte payload and 100 Kbps
radio, approximate slot size would be 5 ms. So, on an average each node needs to be
awake for 5 × 3.2 = 16 ms. So, if data monitoring frequency is 1 event per second, a
node has to be awake only 1.6% of the time.

Figure 11 shows the analytical bounds proved earlier, as well as result from running
experiments to find the optimal solution. The upper bound as well as lower bound is
strictly met by the optimal graph.
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Figure 12 compares the latency of the base and the degree algorithm with that of
the optimal. Normalized optimality if shown in Figure 14. The optimality reduces and
stabilizes at 1.05 for Degree algorithm, and 1.1 for Base Algorithm. We analytically
found a bound of 1.2 for the base algorithm on a worst-case graph. A value of 2×Δ+h is
empirically plotted and it is seen that it closely follows the experimental optimal for the
degree algorithm. This total number of slots gives the chromatic number of the graph,
and there does not exist any polynomial solution to this. However, this empirically
observed formula seems to match closely with the experimental results.

These results show that the scheduling protocol is very close to optimal scheduling
in terms of total latency of data gathering, as well as in terms of energy efficiency.

6 Conclusions and Future Work

Apart from enabling multi-resolution collaboration, a clustering hierarchy allows the
network to scale to a very large number of sensors. Our architecture design adapts to
the communication and collaboration requirements of the application, reducing commu-
nication energy and bandwidth usage. This work highlights the need for and possibility
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of adapting a scheduling protocol to suit the application requirements. By making the
protocol adaptable to the application needs dynamically, the new protocol will allow
exploiting the application-specific requirements.

We have not addressed sensor network reliability or QoS requirements. These are
important aspects that deserve attention. Abstractions with tunable parameters through
which the application can control the trade-off between resource usage and accuracy
and reliability can be developed. Abstract Regions currently provides a tuning inter-
face, but it requires the application to specify low-level parameters such as number of
retransmissions. The tunable parameter needs to be at a higher level, which will enable
the application to set goals, that will be automatically translated by the networking layer
into the low-level parameters.

Making the routing and scheduling adapt without application aid can be another
future direction of work. Instead of explicit communication from the application as is
done in this paper, information flow can be learned. Thereafter, the adaption is done
based on this learning.
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